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We are very happy to present you this latest 
volume of Trans. PMAI, as it is the first volume 
coming out after re-constituted Editorial as well 
as Advisory Boards, which we believe, are more 
inclusive and wide-spread across this tiny field 
of work. The papers contained in this volume 
are a selected lot from the works presented 
during the International Conference on Powder 

Metallurgy, held at The Lalit, Mumbai from 13th -15th March 2023. 
As the scientific journals are chronicles of contemporary works being 
conducted to update technological prowess in the field, the selection 
of the papers is done to this effect. As there are continuous progress in 
some super-speciality, critical reviews become necessary to pause and 
take a stock for the benefit of researchers. This volume contains three 
review-papers, on the topics ‘Metal-organic frameworks’, ‘Additive 
Manufacturing of Ni-based Superalloys’ and ‘Thermoelectricity’, 
which are all emerging areas of advanced research. Further, it 
is interesting to observe that since the time of classical paper by 
Benjamin, ‘Mechanical Alloying’ is still well sought-after work, and 
finding its usage for multi-components systems such as Fe-Cr-Mo or 
high-entropy alloys, as is evident from the two papers in this volume. 
In addition, as P/M has marked its place as one of the most significant 
manufacturing methods, correlating process parameters and properties 
and their evaluation carries important scientific information to be 
disseminated among the fraternity. Papers on feedstock preparation for 
thermal spraying, effect of pre-heat temperature on swarf, processing 
of Al with W-dispersoids, wear performance of PA-6, ZnO powders, 
thermal conductivity of Alumina-boride and residual stresses are 
testimonial to this surmise. Last two papers in the volume indicate 
some encouraging trends. The paper on numerical methods for the air-
jet mill is a welcome work for optimization of machinery used for 
P/M processing, whereas commitment of scientific fraternity towards 
environment-friendliness is witnessed in the efforts to develop lead-
free piezoelectric as detailed in the last paper of the volume. We 
hope the PM fraternity of researchers, teachers, industry, equipment 
manufacturers and students will benefit by these works. 

With warm regards

Dr. Deep Prakash
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Assessment of process parameters for 
mechanically alloyed Fe(84-x)-16% Cr-Mox Alloys

Subrahmanyam S1*, Pardhasaradhi R1 and SunilKumar R1

1Department of Metallurgical & Materials Engineering, NIT Andhra Pradesh, India. 
*subbuaugust1987@gmail.com

1.	I ntroduction
Iron-based alloys & steels developed through 
powder metallurgy routes have gained huge 
importance owing to their applications in 
various fields of engineering including structural 
components, energy storage devices, automotive 
parts, etc.[1-4]. However, the mechanical, 
tribological, and corrosion evaluation of these 
iron - chromium- based alloys which are 
nanocrystalline in nature require samples in 
bulk quantity. These materials, thus require 
mechanical alloying (MA) for the synthesis 
of artifact-free nanocrystalline alloys in bulk 
quantities [5]. The alloying elements present 
in the PM-Steels dictate its fabrication & 
development and Powder metallurgy process 
parameters employed during the fabrication, 
and further influence the mechanical properties 
of these materials. The process-friendly 
alloying elements of PM-Steel include Cu, 
Ni, and Mo, which are generally used in low 
compositions. The use of less costly alloying 
elements is preferred in the PM industry when 
hardenability is a major criterion for steel 
making. However, Cris a very good alternative 
when high hardenability is desired and a low-

Abstract: The addition of molybdenum in ferritic stainless-steel compositions will improve the surface properties 
such as hardness and pitting corrosion resistance, which facilitates its use in most surface engineering applications. 
In this study, Iron-based Fe(84-x)-16%Cr-Mox alloys with x = 0%, and 3% (by weight) of molybdenum addition 
are prepared by the mechanical alloying process at different milling times using a planetary ball mill, followed 
by cold compaction and conventional sintering process steps. The phaseevolution studies of the mechanically 
alloyed Fe(84-x)-16%Cr-Mox powders milled for 0h, 1h, 5h, 15h & 30h are investigated by X-Ray diffraction. 
Morphological assessment & mechanical properties of these sintered compacts were investigated by optical 
microscopy, and the Vickers hardness testing respectively. The changes in lattice parameter, crystallite size & 
lattice strain in the mechanical alloyed Fe(84-x)-16%Cr-Mox (x = 0 & 3%)alloys were evaluated.

Keywords: Mechanical alloying; Fe-Cr-Mo alloys; X-ray diffraction; Crystallite Size; Lattice Strain; Sintering; 
Microhardness;

cost material compared to other hardenable 
materials such as Vanadium. The limitation of 
Cris that it has a high affinity for oxygen, which 
turns the Powder metallurgical processing of 
Cr-alloyed materials challenging during its 
oxidation and oxide reduction [6]. However, Cr-
Mo alloy steels possess higher creep resistance 
at elevated temperatures and can be used in 
various high-temperature applications including 
boilers, pressure vessels, etc. Sintering of Cr-Mo 
steels at high temperatures yields enhanced 
mechanical properties [7], thus, recommending 
the importance of Mo alloying in different types 
of steels for various applications. The diffusion 
mechanism of Mo & Cr during the sintering of 
Fe-Cr-Mo-based alloys will help in estimating 
the improved density and hardness [8,9].
The existing literature reported limited studies 
on ball-milled high chromium Fe-based alloys 
and their impact on mechanical properties 
and corrosion behavior [10-12]. However, the 
influence of Mo addition on the phase evolution, 
mechanical properties, and electrochemical 
properties of Stainless-Steel compositions 
fabricated through the PM route is not reported 
in the literature published so far [13]. This paper 
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investigated the phase evolution of Fe(84-x)-
16%Cr-Mox (x = 0 & 3) alloys developed through 
the MA technique of powder metallurgy and 
presented results.
2.	M aterials & Experimental Methods
Iron, Chromium, and Molybdenum metal 
powders of high purity are considered for this 
study, with specifications as mentioned in 
Table 1. The designed compositions of these 
metal powders are pre-mixed and ball milling 
is performed in a planetary ball mill (Retsch PM 
100, Germany), by maintaining a ball-to-powder 
ratio of 10:1. The cylindrical vial of 125ml 
capacity is filled with 25 grams of pre-mixed 
powder of corresponding Fe(84-x)-16wt.%Cr-
Mox compositions, which is then loaded into 
the ball mill and a rotational velocity of 300 
rpm is maintained. A milling cycle of 1 hour 
with a pause time of 20 minutes is considered, 
and 30 cycles are implemented for all sample 
compositions.

Diffraction patterns are recorded using an X-ray 
diffractometer (Rigaku Ultima III, Japan) from 
as-mixed & milled Fe(84-x)-16wt.%Cr-Mox (x=0&3) 
alloy powder samples prepared during MA with 
ball milling technique. Parameters considered 
for diffractometry include as can rate of 2◦/
min, a step size of 0.02 degrees &Wavelength 
of radiation kα =0.154056nm, and a 30◦-90◦scan 
range considered. Phase analysis is carried out 
by using PANalytical X’pert high- score software 
and the developed phases were analyze during 
the ICDD PDF-2 database [14]. Lattice parameter 
values for as-mixed (0h) & milled Fe(84-x)-
16wt.%Cr-Mox(x = 0 & 3) powder at different 

Table1: Specifications of elemental metal powders

time periods are calculated by determining the 
inter planar spacing value ‘d’for the highest 
peak (011)and then the below equation was 
employed:

a=d.(h2+ k2+ l2 )0.5……………. (1)

Here: (h k l)=Plane of indexing 

         d = Interplanar spacing

         a = Lattice parameter (A◦)

The crystallite size and lattice strain estimates 
were done for the highest diffraction peak 
Fe(011)using the following Williams on-Hall 
equation [15]:

βhkl.cosθ= kλ/D+4εsinθ   …………..  (2)

Here: D=crystallite size (A◦)

K=shape factor (K=0.904; Constant);

λ	 = wavelength of the X-ray source (1.5406A◦); 
& βhkl=corrected instrumental broadening 
(FWHM Value in A◦);

These powders are further compacted using a 
hydraulic press with a load of 550 MPa to prepare 
samples of 10mm diameter. The compacts are 
then sintered at 1200◦C for 90 minutes using 
a nitrogen gas atmosphere and then furnace-
cooled [8]. An optical microscope was used for 
microstructure studies of the sintered Fe(84-x)-
16%Cr-Mox(x= 0 and 3) alloys. Micro hardness 
readings were taken at a load of 50 grams for 
both the sintered alloys, for a dwell time of 15 
seconds.

3.	R esults and Discussion

The dissolution of Chromium & Molybdenum 
present in the ferrite matrix will occur upon 
sintering the as-mixed Fe-16%Cr-3%Mo alloy. 
The distribution of alloying elements Cr, and Mo 
in the ferrite matrix and the formation of Fe-Mo 

Material Particlesize (microns) Purity(%) 

Iron powder 45-50μm 99.9 

Chromium powder 45-50μm 99.0 

Molybdenum powder 45-50μm 99.99 
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Figure 1: Microstructure of Sintered Fe-16% Cr-3% 
Moalloy.

Figure 2:  X-Ray diffraction of (a) As-mixed 
(0h-milled)&(b) sintered; Fe-16%Cr-3%Mo alloy.

& Cr-Mo intermetallic compounds (if any) in the 
sintered alloys can be evaluated from optical 
microscopy & XRD analysis respectively. 

3.1	M icrostructure examination

The optical microscope investigations for 
sintered Fe-16% Cr-3%Moalloy are carried out by 
following standard metallography procedures. 
The polished specimens are etched with 
Ralph’s agent for 20 seconds. Figure1(a), & 1(b) 
shows the ferrite phase microstructures of Fe-
16%Cr-3%Moalloy at different magnifications. 
Molybdenum and chromium are expected 
to dissolve in the α-ferrite matrix upon the 
mechanical alloying process.

The subsequent sintering treatment of these 
alloys is depicted in Figure 2. This will favor 
further densification and strengthening by 
diffusion, which results in the development of 
Mo-Fe intermetallic compounds. Agglomeration 
of Molybdenum with Iron is developed, which 
will then improve the bond strength between 
Fe & Mo elements in the ferrite matrix during 
sintering treatment, and a harder phase will be 
developed.

3.2	P hase evolution of mechanically alloyed 
	F e (84-x)-16%Cr-Mox alloys: XRDAnalysis

X-Ray diffraction studies are conducted to 
determine the phase evolution at the beginning 
and after regular intervals of ball-milled 
Fe(84-x)-16% Cr-Mox alloys. Figure 3, depicts the 
XRD spectra of these Fe(84-x)-16% Cr-Mox (x = 0 
and 3) wt.% alloys for different milling times.

It is clear from Figure 3 (a) that the powder 
mixture of Fe(84-x)-16%Cr-Mox (x = 0) wt.% prior 
to milling (0 h) & milled for 1 hour has Fe and 
Cr clear peaks, upon further milling up to 30h, 
the intensity of the major peak is decreasing, and 
the corresponding width of the peak was slightly 
increased indicating the particle refinement [16]. 
It is also observed from Figure 3 (a) that the α-Fe 



TRANSACTIONS OF PMAI, VOL. 48, JUNE-DECEMBER 20234

Assessment of process parameters for mechanically alloyed  
Fe(84-x)-16% Cr-Mox Alloys

peak in the (011) plane is shifted towards lower 
diffraction angles from 5h, 15h, and up to 30h 
milling times, which shows an increase in the 
lattice parameter of Fe. This increase is due to the 
bigger size of the Cr atom compared to Fe; hence, 
the development of a solid solution is seen for 
a 5h milled alloy with Crdis solution in the Fe 
matrix [15]. Ball milling at 15h further broadens 
the α-Fe (011) peak, and the formation of fine 
particles is attributed to the corresponding peak 
broadening [16]. Also, the XRD of this alloy 
milled for 30h recorded almost a similar intensity 
of the Fe (011) peak to that of the 15h milled peak, 
which indicates the formation of saturation of 
chromium dissolved in the ferrite matrix.

Figure 3 (b) discussed the phase evolution 
of Fe(84-x)-16% Cr-Mox alloy when 3%Mo was 
added to the alloy. It is understood that a similar 
behavior to that  of the alloy presented in Fig.3 
(a) was observed. Amorphous phase formation 
is prevalent in Fe(84-x)-16%Cr-Mox(x = 0 & 3) 
alloys when milled for longer milling durations, 
as per the results presented in Figures 3 (a) and 
(b). Further reported by other researchers on 
different Fe-Cr-based alloys[15, 17].

3.3.	Calculation of Lattice parameter, Crystallite 
	 size & Lattice strain for MAFe(84-x)-16% Cr 
	M ox alloys

The change in lattice parameter value at different 
milling durations (0, 1, 5, 15, and 30h) can be seen 
in Figure4. The lattice parameter value is found 
to increase, for both Fe-16%Cr&Fe-16%Cr-3% 
Mo alloys, from 0h to 30 h of milling. It is 
understood from Figure 4 that when milling time 
is increased, the α-Fe (011) peak is broadened, 
and a slight shift in the peak to a lower Bragg 
angle, which is found in both the Fe(84-x)-16%Cr-
Mox(x=0&3) alloys, which indicates an increase 
in lattice parameter [16, 17]. During the initial 
stages of milling (at 5h), Cr dissolution in Fe 
lattice in Fe(84-x)-16%Cr-Mox (x = 0) alloy and the 
dissolution of both Cr, & Mo in Fe(84-x)-16%Cr-
Mox (x = 3) alloy will form a supersaturated 
solid solution. Since Cr (0.128 nm)& Mo (0.139 
nm), atoms are larger in size than Fe atoms (0.126 
nm), there is an increase in the lattice parameter 
of α-phase, which forms a solid solution as was 
observed in Figure 4 (from 5h to 30h of milling 
time). The value of the lattice parameter for Fe(84-

x)-16%Cr-Mox (x = 0) & Fe(84-x)-16%Cr-Mox (x=3) 
alloys was increased upto 30h of milling.Figure 3: XRD Spectra of Fe (84-x)-16%Cr-Mox alloys for 

(a)x=0%; (b)x =3%; milled for 0h,1h, 5h, 15h & 30h.
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The variation in crystallite size for Fe(84-x)-16%Cr-
Mox(x=0,&3) alloys with the increase in milling 
time is reported in Figure 5. It is found that an 
increase in milling time resulted in decreased 
crystallite size for both alloys. However, it is 
found that the drop in crystallite size for 3 wt.% 
Mo Fe(84-x)-16%Cr-Mox alloy is relatively higher 
as compared to0wt.% Mo alloy and this variation 
is the result of the increased strain energies with 
the addition of Mo in these alloys[17,18].

The variation in Lattice strain for both the alloys 
Fe(84-x)-16% Cr-Mox (x=0,3) with raise in milling 
time is illustrated in Figure 6. The lattice strain 
was found to increase as a function of milling 
time, with the development of higher strain 
energies during the higher ball milling time 
periods of 15h & 30h.

3.4.	Micro hardness of sintered Fe(84-x)-16% Cr 
	M ox alloys

The hardness values of the sintered compacts of 
Fe84-x-16%Cr-Mox(x = 0 & 3) alloys ball milled at 
different time periods are shown in Figure 7. It 
is found that the addition of Mo content of the 
sintered Fe-Cr-Mox alloys increased the surface 
hardness due to the formation of intermetallic 
compounds formed by molybdenum with 
chromium and iron present in these alloys during 
mechanical alloying and strengthened with 
the subsequent sintering treatment of the cold 
compacts developed by powder die compaction 
technique.

Figure 4: Changein Lattice parameter for Fe(84-x)-16% 
Cr-Mox (x=0&3) alloys with milling time 

Figure 6: Change in Lattice strain of α-phase in 
Fe(84-x)-16% Cr-Mox(x =0&3) alloys with milling time

Figure 5: Change in Crystallite size for Fe(84-x)-16%Cr-
Mox (x=0 &3) alloys with milling time
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Figure 7: Hardness of Sintered Fe(84-x)-16% Cr-Mox  
(x = 0 & 3) alloys milled at both 0h & 15h

4.	C onclusions

The mechanical alloyed Fe(84-x)-16% Cr-Mox 
(x=0&3) alloys, developed at different milling 
times are investigated using XRD analysis to 
understand the phase evolution. It is also found 
that,

•	 The formation of solid solution is identified 
with the α-Fe phase at 5h of milling and it 
continued upto 30h of milling in both the 
alloys Fe(84-x)-16% Cr-Mox(x=0&3).

•	 The decrease in crystallite size and a 
corresponding increase in lattice strain with 
the rise in the milling time for both the Fe(84-x)-
16%Cr-Mox(x =0 &3) alloys.

•	 Hardness of sintered compacts of both Fe(84-x)-
16%Cr-Mox(x=0&3) alloys is increased for15h 
milled alloys when compared to as-mixed 
(0h) compositions.

•	 However, the pores are still present in 
these sintered alloys, which may be further 
controlled by adapting advanced hot 
consolidation techniques.
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1.	I ntroduction

Thermal spraying is a technology which improves 
or restores the surface of a solid material and 
extends the life of new components. The process 
can be used to apply coatings to a wide range of 
materials and components, to provide resistance 
to: Wear, erosion, cavitation, corrosion, 
abrasion, or heat. In thermal spray processes, 
fully or partially molten coating material is 
sprayed on the substrate with high velocity and 
temperature[1].  Reclamation and re-engineering 
of a wide range of rotating and moving parts from 

Abstract: Metallic, intermetallic, ceramic and cermet feedstock powders are extensively used for producing 
various wear, erosion,and corrosion resistant thermal spray coatings. These coatings are widely used in capital-
intensive machinery such as gas turbines, aero-engines, boilers, steam turbines, incinerators etc. Recent studies 
have shown that addition of small quantities (1 wt. %) of different nano-reinforcements such as carbon nanotubes, 
graphene nanoplatelets, graphene oxide, boron nitride nano sheets, nano rare earth oxides have significantly 
enhanced the characteristics and performance of thermal spray coatings. Also, the uniform dispersion of nano-
reinforcements is widely acknowledged to play an important role in improving coating properties. Researchers 
have employed various methods to prepare nano-reinforced feedstock powders, such as mechanical milling and 
spray drying. However, mechanical milling does not result in uniform dispersion of nano-reinforcements, and 
spray drying is not a cost-effective solution because powder preparation requires expensive nano size feedstock 
powders in addition to nano-reinforcements. Furthermore, dispersing nano-reinforcements is difficult because 
they agglomerate due to Van der Waals cohesive forces, which must be overcome to achieve homogeneous 
dispersion. As a result, effort has been taken to develop a novel blending methodology incorporates probe 
ultrasonication, magnetic stirring, oven drying, and 3D tumbler mixing for uniformly dispersing nano-
reinforcements in conventional feedstock powders used in thermal spray processes. In the present study graphene 
nano platelets (GNP) and nano-ceria particles were reinforced with Cr3C2-NiCr feedstock powders using the 
blending methodology. Advanced characterization techniques viz., Raman Spectroscopy, X-ray diffraction, FE-
SEM, and EDS mapping were used to identify the phases and to evaluate the homogeneity of dispersion. The 
results indicate that the developed blending methodology produced highly uniform nano-reinforced feedstock 
powders without damaging or degrading the original powders. The blending method used in this study is easy to 
use, cost effective and scalable to produce various combinations of nano-reinforced coating powders.

Keywords: Ultrasonication, Blending, 3D mixing, Nano-reinforcements, GNP, Nano-ceria

machines of all kinds, including Gas turbines, 
Automobiles, Aerospace, Oil & gas industries, 
Biomedical applications, Road and rail vehicles, 
ships, aircraft, pumps, valves, mining and 
quarrying machinery, earthmovers, landing gear 
and virtually any equipment which is subject to 
wear, erosion, or corrosion[1]. This is done using 
either atmospheric plasma spray (APS), high 
velocity oxy fuel (HVOF) spray process, flame 
spray process, detonation gun (D-Gun) spray 
process, high velocity air fuel process (HVAF) 
and cold spray process to spray Metals & alloys 
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(Ni,Al, NiCrAlY), Ceramics (Al2O3, ZrO2, TiO2), 
Carbides & Cermets (WC-Co-Cr, Cr3C2-NiCr), 
and Polymers (polyethylene, polyamide)[1]. 

Many researchers have reported improvements 
in desired properties and behavior of these 
thermal spray coatings by inclusion of nano-
reinforcement materials [2]. Thermal spray 
processes can be used to deposit nanomaterials as 
they are simple, have high deposition efficiency, 
has a wide range of coating materials and matrix, 
and offer ease in formation of composite coatings 
[2]. Nanomaterials offer benefits such as grain 
refinement, toughening mechanisms, and change 
in physical and chemical properties. However, 
the superior characteristics of the nanomaterials 
can only be tapped into the coating if they are 
uniformly dispersed in the coating powder. 
The blending of nanomaterial with thermal 
spray feedstock powder is a challenging task. 
To blend them in powder form various forms of 
mechanical milling are used. Some researchers 
have used ultrasonication of nanomaterials in 
suspension and then mechanical milling. Spray 
drying method is also widely used. There are 
some suspensions based thermal spray methods, 
in which the powder is mixed in suspension 
form through ultrasonication and then sprayed 
as coating. Mechanical milling is a traditional 
method for blending powders, in which the 
powders to be mixed are placed in a cylindrical 
jar and then rotated in presence of mixing 
medium such as balls[3]. Milling speed, ball to 
powder weight ratio, milling time, and process 
control agent are the main process parameters[4]. 
Ward et al[5]. used horizontal jar mixer to mix 
metallic powder Ni-Al with nanomaterial edge 
oxidized graphene oxide (EOGO) with steel 
balls. as mixing medium. Adding EOGO in the 
NiAl coating, improved hardness, adhesion 
strength and wear resistance by 49%, 18% and 
14% respectively.

Li et al[6]. improved microstructure and wear 
behavior of plasma sprayed ZrO2 coatings by 
reinforcing it with graphene nanosheets. They 
employed planetary ball milling for mixing. 
Wang et al [7]. and Qin et al[8]. prepared WC-
Co/GO coating powders for D-gun spray with 
4 methods: wet ball milling, wet mixing using a 
stirrer, sintering & crushing and spray drying.  
Liang et al[9]. reviewed physical dispersion 
methods (ultrasonic treatment, stirring, and ball 
milling) and covalent bonding methods.

Spray dried powders were reported to give 
the best microstructure and wear resistance. 
The spray drying process is used by many 
researchers. In this process, the nano-sized 
powder particles are dispersed in an organic 
binder to form slurry and then the slurry is 
passed through an atomizing orifice into a hot 
chamber. The droplets coming out of the orifice 
dry and form micron size agglomerates of 
coating powder[10]. Amudha et.al[11, 12]. used 
spray drying process to mix 0.5, 1.0, 1.5 and 2.0% 
graphene oxide (GO) with Al2O3, deposited with 
plasma spray process, and reported increase in 
microhardness and fracture toughness. Al2O3 
powder spray dried with graphene nanoplatelets 
(GNP) and carbon nanotubes (CNT), and then 
deposited with atmospheric plasma spray 
process showed remarkable improvement 
in toughness[10], electrical conductivity[13]
and tribological properties[14]. Although the 
spray drying approach is very promising for 
producing nanocomposite coating powders, it is 
not a cost - effective method because it requires 
expensive nano size feedstock powders as well 
as nano reinforcements for powder preparation.

Feng et al[15]. used a colloidal method to mix 
Al2O3-13%TiO2 with graphene nanosheets (GNs). 
Both the constituents along with ethanol were 
stirred using blade agitator in ultrasonic bath 
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and then the blended slurry was dried in oven. 
They have reported 13% and 19% reduction in 
friction coefficient and wear rate respectively. 
Mukherjee et al[16]. made NiAl-GNP composite 
feedstock powder by first ultrasonicating GNP 
in acetone and then mixing the ultrasonicated 
GNP with NiAl powder in planetary ball mill. 
Plasma sprayed coating deposited with this 
composite powder, offered high tensile strength 
and good ductility. 

Suspension plasma spray and suspension high 
velocity oxy fuel spray processes are used to 
deposit nanocomposite coatings. Murray et 
al[17]. deposited Al2O3 coating with 1 wt.% GNP 
by suspension HVOF process and exhibited 
enhancement in wear resistance due to improved 
microstructure and fracture toughness. Mahade 
et al[18]. used suspension plasma spay process 
to deposit GNP reinforced Al2O3 coating with 
water-based GNP + Al2O3 mixed suspension. 
They reported 36% lower friction coefficient and 
69% lower specific wear rate. Suspension spray 
processes can deposit wide range of coating 
materials. The limitations of these processes are 
the complexity of the process and high capital 
cost.

Since the last three decades, many researchers 
have investigated the behavior of CeO2 reinforced 
thermal spray coatings. They have reported that 
even small amounts of CeO2 can significantly 
enhance the microstructural and mechanical 
characteristics of coatings, as well as increase 
their resistance to wear, erosion and corrosion. 
Also, it has been reported that the microstructure 
of coatings is significantly influenced by the 
CeO2 particle size[19-22]. The most popular kind 
of reinforcement for improving the performance 
of Cr3C2-NiCr coatings is micro CeO2. Due to 

improved dispersion in the coatings, nanosized 
CeO2 exhibits a superior ability to refine the 
microstructure of the coatings as compared to 
micron sized CeO2. According to the authors’ 
knowledge, there is no literature available 
on the role of nano CeO2 in enhancing the 
performance of Cr3C2-NiCr coatings. In order 
to homogeneously distribute nano CeO2 with 
conventional feedstock powders used in thermal 
spray techniques, an effort has been undertaken 
to develop a novel blending approach.

According to Yin et al. [23], CeO2 doped Cr3C2-
NiCr coatings deposited by HVOF spraying is 
an effective technique to enhance the coating’s 
hardness and toughness as well as increases 
resistance to wear, erosion, oxidation, and 
corrosion. By using supersonic plasma spraying, 
Zhang et al. [24] prepared coatings of rare 
earth oxide and Cr3C2-NiCr. The improvement 
of the microhardness, degree of friction, and 
wear resistance of Cr3C2-NiCr coatings was 
made possible by the addition of CeO2. Most 
of the time, micro-CeO2 particles are added 
to the Cr3C2-NiCr coating, which can result 
in an uneven distribution of cerium oxide.In 
comparison to micro-CeO2, it is thought that 
nano-CeO2 has a more homogenous dispersive 
distribution in the coating, which may help to 
further refine the microstructure and reduce the 
formation of flaws.

Jiyu Du et al.[25] examined a newly developed 
Cr3C2-NiCrCoMo/nano-CeO2 composite coating 
that was applied using the HVOF procedure, 
the findings show that the newly developed 
NCE coating has improved resistant to wear at 
elevated temperatures with a decreased friction 
coefficient and wear depth.Ghadami et al. [26] 
prepared, characterized, and then analyzed the 
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oxidized behaviour of NiCrAlY coatings and 
(0.5-2 wt%) CeO2 gradient NiCrAlY coating. 
Byincreasing the amount of nano-CeO2, the 
hardness of nanocomposite coatings increased, 
and coating had minimum porosity content as 
compared to other types of conventional and 
nanocomposite coatings.Wang et al.[27]studied 
Fe-Al inter-metallic coatings by HVOF thermal 
spray technique. It was observed that the CeO2 
infused Fe-Al inter-metallic coatings had less 
porosity, fewer cracks, and improved hardness 
than the pure Fe-Al coatings. The Fe-Al inter-
metallic coatings, which contained CeO2, have 
shown enhancement in their resistance to 
abrasion and erosion compared to pure Fe-Al 
coatings.

Vishnoi et al.[28] concluded rare earth metal 
enhances the mechanical properties such as 
hardness, strength, and elastic modulus, refine 
microstructure and reduces porosity and cracks. 
Considering the beneficial mechanical and 
tribological effects incurred by GNP andnano 
CeO2 in coatings, the authors decided to use it as 
reinforcement materials.

Blending of these nano-reinforcement materials 
uniformly in coating powders is a difficult task, 
owing to the difference in their densities, high 
surface area and high aspect ratio. Also, nano-
carbonaceous materials such as graphene and 

carbon nanotubes tend to form bonds with each 
other, and form agglomerates due to van der 
Waals cohesive forces (London or Dispersion 
Forces). Atif et al. [29] and Saboori et al. [30] 
reported formation of agglomerates implies 
their nonhomogeneous dispersion in the powder 
matrix, which eventually may not impart the 
desired improvement in the properties of the 
coatings. The problem of this mixing issue was 
taken up for this study. 

Bolelli et al. [31] and Matikainen et al. [32]
studied HVOF sprayed Cr3C2-NiCr coatings as it 
is widely used in industries for wear and erosion 
resistant applications at elevated temperatures. 
Hence Cr3C2-NiCr was selected as coating 
powder.

2.	M aterials and Methods

2.1	 Materials

A commercial Cr3C2-NiCr powder for thermal 
spraying (CrC-410, C&M Technologies, 
Germany) was used as feedstock with an average 
particle size 15-45 µm nominal composition 
of, mixed with a commercial Graphene 
Nanoplatelets (GNP) (Product no. 900412, Sigma 
Aldrich, USA) with an average particle diameter 
of 5 µm and surface area of 120-150 m2/gm and 
99.99% pure nano CeO2 powders with particle 
size of < 25 nm for current study. 

Fig. 1. FESEM micrographs of powders (a) Cr3C2-NiCr (b) GNP and (c) nano CeO2
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2.2	 Mixing Method

Ultrasonication+ magnetic stirring + drying+3D 
tumbler mixing

Fig. 2 shows the schematic representation of 
the mixing method used. Ultrasonic probe 
sonicator (VCX500, SONICS, USA) was used to 
sonicate GNP and nano CeO2 separately along 
with surfactant sodium dodecyl sulphate (SDS) 
in deionized water for 1 hour as shown in Fig. 
2(a). This sonication process gives dispersed 
nano-suspension solution of GNP and nano 
CeO2. Feedstock powder Cr3C2-NiCr was then 
added in nano-suspension solution of GNP 
and nano CeO2 separately as illustrated in Fig. 
2(b). after that the solutions were sonicated and 
simultaneously stirred with magnetic stirrer 
for 1 hour. The heavier Cr3C2-NiCr particles 
are kept suspended and interact more with 
GNP and nano CeO2 particles due to magnetic 

2.3	 Characterization Methods

FE-SEM with JEOL in-lens Schottky field 
emissions source (JEOL 7900F, USA) equipped 
with an energy-dispersive x-ray (EDX) detector 
(Oxford Instruments, UK) was used to examine 

stirring. The composite slurry was then dried in 
a hot air oven for 16 hours at 60°C. as shown in 
Fig 2(c). The dried powders are then collected 
in a jar. The process was carried out in batches, 
each batch yielding 50g of composite powder. 
Then the collected powders were mixed using 
3D tumbler mixer, Alphie 3D, for 1 hour at 50 
rpm as shown in Fig.2(d). After that the mixed 
powders were sieved, and the final feedstock 
powders were obtained. The morphology of 
powders Cr3C2-NiCr, GNP and nano CeO2 before 
blending are shown in Fig. 1(a,b,c) and after 
blending the morphology of composite powders 
Cr3C2-NiCr + GNP and Cr3C2-NiCr + nano 
CeO2are shown in Fig.3 and Fig. 4 respectively. 
The novel blending methodology allows GNP 
and nano CeO2 particles to uniformly disperse 
on the surface of Cr3C2-NiCr particles and enter 
the pores of powder particles.

Fig.2. Mixing process of Cr3C2-NiCr, GNP and CeO2 involving sonication, magnetic stirring, drying& 3D tumbler 
mixing

themixed powder. For phase identification, 
the powder samples were analyzed by X-ray 
diffraction (XRD) using a Bruker AXS D-8 
Advance diffractometer with Cu Ka radiation.
Raman Spectroscopy of the powder was carried 
out by Renishaw In via Raman Microscope 
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Fig. 3. FESEM micrographs and EDS mapping of blended powder Cr3C2-NiCr + GNP

The FE-SEM micrographs and EDS mapping 
of feedstock powder Cr3C2-NiCr along with 
nano CeO2 are shown in Fig. 4(a-h). Due to 
particle morphology of Cr3C2-NiCr powder the 
homogeneity of dispersion is superior in the 
case of nano CeO2. The nano CeO2 particles are 
clinging on to the surface of Cr3C2-NiCr powder 
particles. Fig. 4(b) shows that some of the pores 

(Qontor with wavelength of 532 nm at 0.3 mW 
power) to prove the presence of GNP and nano 
CeO2.

3.	R esults and Discussion

3.1	 FE-SEM analysis and EDS mapping of 
	 powder

The FE-SEM micrographs and EDS mapping 
of feedstock powder Cr3C2-NiCr along with 
GNPare shown in Fig. 3 (a-g). It is evident that 
the particle morphology of Cr3C2-NiCr powder is 
uneven, porous, and spheroidal in shape, while 
the Cr3C2 particles are cladded to each other 
through the NiCr metallic binder phase. Further, 
the blending process did not cause any visible 

damage to Cr3C2-NiCr powders. The dispersion 
of GNP is homogeneous on to the surface of 
Cr3C2-NiCr powder particles. It is evident that 
the novel blending methodology used in the 
present investigation was able to disperse GNP 
to the interior portions of the pores present 
in Cr3C2-NiCr powder particles. The stuffing 
ameliorates GNP distribution in the coatings 
and increases GNP retention by encapsulating it 
in the pores and protecting it from getting blown 
away during high velocity spraying process. 
The superior dispersion of GNP can mainly be 
attributed to sonication (using probe sonicator) 
and magnetic stirring stages Fig. 2 (a&b).

of Cr3C2-NiCr are stuffed with nano CeO2 

particles. It is evident that the novel blending 
methodology used in the present investigation 
was able to disperse nano CeO2 to the interior 
portions of the pores present in Cr3C2-NiCr 
powder particles. The stuffing strengthens 
CeO2 distribution and retention in coatings by 
enclosing it in the pores and protecting it from 
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being blown away during the high velocity 
spraying process. The superior dispersion of 
nano CeO2 can mainly be attributed to sonication 
(using probe sonicator) and magnetic stirring 
stages Fig. 2 (a & b). It must be noted that the 
probe sonicator used in this study has superior 
dispersion capabilities. Therefore, the novel 

3.2	 XRD analysis of powder

TheXRD patterns of powders Cr3C2-NiCr, Cr3C2-
NiCr+GNP and Cr3C2-NiCr+ nano CeO2 are 
shown in Fig.5. Before blending two phases were 
identified carbide phase Cr3C2 and matrix phase 
NiCr. After blending feedstock powder Cr3C2-
NiCr with GNP and nano CeO2, once again 
XRD analysis was carried out. The presence of 

blending method used in this study was effective 
in breaking the nano particle agglomerates by 
overcoming Vander Walls cohesive forces and 
keep them dispersed throughout the powder 
preparation process. This method is simple, 
scalable and can be effectively used to produce 
nano-enabled thermal spray feedstock powders.

Fig. 4. FESEM micrographs and EDS mapping of blended powder Cr3C2-NiCr + nano CeO2

Cr3C2 and NiCr remain intact, also the presence 
of CeO2 phase was identified in nano CeO2 

doped feedstock powder.It is evident that after 
the blending process, there are no undue phase 
changes in powders.
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Fig. 5. XRD diffraction pattern of Cr3C2-NiCr, Cr3C2- 
NiCr + GNP and Cr3C2-NiCr + nano CeO2 powders

Fig. 6.  Raman spectroscopy of powders (a) 
comparison of Cr3C2-NiCr, nano CeO2 and nano 

reinforced feedstock powder (b) comparison of GNP 
and GNP reinforced feedstock powder

3.3	 Raman Spectroscopy of powder

Raman spectroscopy is an analytical tool to prove 
the presence of carbonaceous materials. Raman 
spectroscopy of GNP powder shows the typical 
graphene peaks at 1350 cm-1, 1580 cm-1, and 2700 
cm-1 corresponding to D-band, G-bad and 2D - 
band respectively [33]. The coating powder Cr3C2-
NiCr+GNP blended with sonication, magnetic 
stirring, oven drying & 3D tumbler mixing 
shows the identical peaks in Fig. 6. This indicates 
that the powder mixing process has retained 
the graphene without significant structural 
damage. Also, in Fig. 6 Raman spectroscopy of 

Conclusion

From this study authors found an appropriate 
method for blending cermet coating powder 
Cr3C2-NiCr with nano-carbonaceous material 
GNP and rare earth element CeO2. Following 
conclusion can be drawn from it:

•	 Ultrasonication followed by magnetic stirring, 
drying and 3D tumbler mixing, gave coating 
powder with most uniformly dispersed GNP 
and CeO2 which was established by FE-SEM 
analysis and EDS mapping.

•	 XRD analysis proved that no phase change 
of the feedstock powder occurred because of 
blending process hence structural integrity of 
the powder was maintained.

•	 Raman spectroscopy of GNP powder shows 
the typical graphene peaks at 1350 cm-1, 
1580 cm-1, and 2700 cm-1 corresponding to 

nano CeO2 powder shows the typical peak at 460 
cm-1 corresponding to D-band which is identical 
peak to coating powder Cr3C2-NiCr + nano CeO2 
blended with sonication, magnetic stirring, oven 
drying and 3D tumbler mixing.
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D-band, G-bad and 2D-band respectively. 
Hence proved the presence of nano 
carbonaceous material. Raman spectroscopy 
of nano CeO2 powder shows the typical peak 
at 460 cm-1 corresponding to ceria. Both had 
identical peaks with blended powders.
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1.	I ntroduction

HEAs are still a relatively new and rapidly 
evolving field of study, and their potential 
applications and limitations are still being 
explored. Traditional alloys typically consist 
of one or two dominant constituents and other 
elements in smaller quantities to enhance 
specific properties. On the other hand, HEAs 
have multiple principal elements, which results 
in a highly disordered atomic structure and a 
high degree of configurational entropy [1-4].

HEAs were first introduced in 2004 by J.W. Yeh 
and his colleagues, and since then, they have 
developed a lot of thrust due to their unique 
properties [1]. HEAs have been shown to exhibit 
excellent mechanical, thermal, and chemical 
properties, as well as high corrosion resistance 
and low-temperature embrittlement[5,6]. 
However, their unique properties make them 
a contender in many fields such as aerospace, 
energy, and biomedical engineering [7]. One 
of the key advantages of HEAs is their ability 
to maintain their properties even at high 
temperatures, as they suit better for high-
temperature applications [8, 9]. Additionally, 

Abstract: High-entropy alloys (HEAs) have emerged as one of the most promising research areas recently.  This 
paper discusses the phase evolution and micro structural changes of mechanically milled powders with respective 
to time of milling and speed. Equivalent CoCrFeMnNi high entropy alloy is produced through mechanical 
milling of the individual powders in a planetary ball mill at 300 rpm maintaining ball to powder ratio as 10:1. 
A homogeneous distribution of the powders was achieved. Micro structural studies were carried out to assess 
particle size and phase transformation as well as to optimise the ball mill process parameters samples with the 
samples drawn at successive intervals of 15 m, 1 h, 2 h, 4 h, 6 h, 8 h, 10 h, and 12 h. Optical microscopy was 
used to investigate particle morphology and chemical homogeneity. 

Keywords: CoCrFeMnNi; High entropy alloys; Solid solution; Crystallite Size; Lattice Strain;

the high degree of configurational entropy in 
HEAs provides a broad range of solid solution 
phases, which can allow researchers to develop 
new alloys with tailored properties.

Mechanical alloying is a process that can be used 
to create high-entropy alloys. This can result in 
several outcomes, depending on the materials 
being processed, the milling conditions, and 
the desired properties of the resulting alloys 
with Homogenization of the alloy, Reduction 
in particle size, Formation of new phases, 
improved chemical reactivity and production 
of fine grained materials [11]. The purpose of 
the work is to optimize the milling parameters 
of CoCrFeMnNi HEAs for high temperature 
applicatios. 

2.	M aterials & Experimental Procedure

The high entropy alloy employed in this 
study is CoCrFeMnNi.In order to fabricate the 
CoCrFeMnNi High-Entropy Alloy (HEA), the 
individual elements specified in Table 1 were 
selected and combined in suitable proportions. 
The CoCrFeMnNi HEA was prepared using 
an equiatomic composition, ensuring that each 
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element was present in equal amounts. These 
weighed powders were first mixed manually 
and then milled using a planetary ball mill 
(PM100, RETSCH, Germany) maintaining 
the powder to ball ratio as 1:10 for 12 hours 
with a speed of 300 rpm. The balls used were 
made of tungsten carbide. Micro structural 
characterization was carried out on the samples 
drawn at successive time intervals of 15 m, 1 h, 
2 h, 4 h, 6 h, 8 h, 10 h and 12 h to optimize the 
milling parameters of the alloy. XRD patterns 
were analyzed using X’Pert-Pro (PANalytical) 
to study the crystalline structure of the powder 
samples. Mechanically alloyed powder for 12 
hours was used to consolidate the pellets using 
a hydraulic press applying load of 500 and 650 
MPa for a dwell time of 5 mins.  The pellets were 
then sintered using a tubular furnace for an hour 
at 900°C in the presence of Argon atmosphere.  
Furnace cooled sintered specimens have been 
grounded and polished using emery papers and 
further polished using diamond polishing up to 
0.035µm. Optical microscopy was used to study 
the microstructure.

3.	R esults and Discussion

3.1	P hase analysis  of CoCrFeMnNi HEAs

Fig.1. presents the X-ray diffraction pattern of 
CoCrFeMnNi HEA powders with respective 
milling time. Peaks confirm that all the elements 
used are present after 15 min of milling time. 
Careful analysis of the XRD patterns of samples 

Table 1: Specifications of elemental metal powders

Fig.1. XRD patterns of CoCrFeMnNi HEA powders 
with respective to milling time;

Elements  Particle size (microns) Purity (%) 

Cobalt 45-50μm 99.99 

Chromium powder 45-50μm 99 

Iron powder 45-50μm 99.9 

Manganese 45-50μm 99.99 

Nickel 45-50μm 99.99 

drawn from 1 h to 4 hr of milling time reveals that 
the intensity of the XRD pattern is decreased but 
peak position remained constant. It is observed 
that there is a decrement in intensity and change 
in peak position as well after 6 hr milling time.  
According to the literature, it has been observed 
that the decrement in intensity confirms the 
formation of a solid solution. Additionally, the 
change in peak position indicates the formation 
of intermetallics after 6 hours of milling time, 
suggesting the possible formation of MnNi3 and 
FeNi phases [10].

Figure 2 and 3 represents the change in 
behavior of crystallite size and lattice strain 
of CoCrFeMnNi HEAs powders respectively. 
Particle size and crystallite strain calculations 
were done using Scherrer equation [14]. 
According to the literature, it is suggested that 
the behavior of crystallite size and lattice strain 
in CoCrFeMnNi HEAs powders would exhibit 
changes, and there is evidence to support this 
claim.It is observed that the Crystallite size of 
the powders after milling is decreased with 
the increase in milling time. The increment in 
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the crystalline strain is noticed and reported 
[11]. This results in solid solution hardening. 
Mechanical deformation during milling is also 
responsible for the increased crystallite strain 
[12, 13]. 

3.2	M icro structural evolution of CoCrFeMnNi 
	HE As

Fig.4 shows the micrographs of the CoCrFeMnNi 
alloys investigated by Optical microscopy at 
100X. It is observed that the micrographs contain 
pores in it, which can be attributed to the process 
route followed by sintering. It was also observed 
that there is no significant change in the phases 
of the alloys with respective to the load applied. 
Based on the micrograph analysis, it can be 
observed that the alloys consist of multiple 
phases. Further analysis is needed to obtain 
detailed information about these phases.

Fig 2. Variation in crystallite size of CoCrFeMnNi 
HEA

Fig. 4. Shows the optical Micrographs of the sintered 
pellets of CoCrFeMnNi alloys a) processed with  

500 MPa load and b) processed with 650 MPa  
load at 100 X

Fig 2. Variation in crystallite size of CoCrFeMnNi 
HEA
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3.3	M icrohardness of sintered CoCrFeMnNi 
	HE As

The hardness values of the sintered CoCrFeMnNi 
HEAs are plotted and displayed in Fig.5. It is 
observed that the hardness values of the alloys 
vary with the compaction load. There is a change 
in hardness value of each instance of the sample 
with a variance of +/- 25 HV. However, average 
of 5 hardness values have been calculated and 
reported. 

The hardness of the CoCrFeMnNi HEAs 
processed with 500 MPa shows the higher values 
than the HEAs processed with 650 MPa, which is 
attributed to the development of localized lattice 
Strain. 

4.	C onclusions

The micro structural and the hardness behavior 
of CoCrFeMnNi HEA samples prepared through 
conventional method were investigated and 
concluded the following: 

•	 CoCrFeMnNi HEAs were successfully 
prepared through mechanical alloying for 12 
hours followed by sintering at 900°C in the 
presence of Ar atmosphere for 1 hour.  

Fig.5. Hardness results of the studied CoCrFeMnNi 
HEAs

•	 X-ray diffraction of mixed powders revealed 
the evolution of solid solution in HEA. 

•	 Micro structural analysis revealed that the 
microstructure contains two FCC solid 
solution phases in it. 

•	 Sintered HEAs processed with 500 MPa 
compaction load have shown greater 
hardness values. 
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1	I ntroduction  

The most prevalent molding technique is the 
direct sintering of crystalline powder, however, 
only a limited amount of research has focused 
on the study of Crystal Powders (CPs) in their 
post-compaction powder state [1-5]. Melting and 
non-melting CPs, such as ZIF-8 and [Zn (HPO4)
(H2PO4)2] 2H2Im, are used in this studyand the 
differences between these two are studied [5-7]. 
MOFs were initially used as adsorbents due to 
their large surface area and low density [7-10]. 

Abstract: This study includes Metal-Organic Frameworks (MOFs) which are a type of porous materials 
that have advanced significantly in recent years. Due to their porous structure, they outperform traditional 
adsorbents in hot areas like carbon dioxide collection and dihydrogen and methane storage. Because of this, 
MOFs’ shape presents a unique challenge compared to other conventional porous materials. Metal-organic 
frameworks (MOFs) have shown potential in a wide range of applications, including molecular sieving, energy 
storage, ion separation, and biomedicine. The production of coherent material masses is accomplished through 
sintering, which can occur both naturally in mineral deposits and artificially when processing metal, ceramic, 
and plastic materials. Sintering is a well-known and commercially available method that can be scaled up for 
industrial use. Pressure-assisted sintering was used to quickly create crystalline macro-porous monoliths from 
metal-organic framework (MOF) powders. They produce microcrystalline powders with sorption capabilities, 
which have been praised for their potential in massive industrial separation processes. Taking into existence 
the behaviour and mechanism of coordination polymer and metal-organic frameworks, consider Zn (HPO4) 
(HPO4)2. 2H2 Imidazole (ZPI: a melting coordination polymer, (Im) imidazole) and ZIF-8 were studied. Simple 
compaction and subsequent sintering allowed for the creation of a bulk body of coordination polymers without 
sacrificing the macroscopic crystallinity. The temperature, heating rate, and physical characteristics of the 
coordination polymers were found to be determinants of their reliability. Both coordination polymers shrunk 
between 10 and 20%, while the ZPI shrunk by less than 1%. Through this study, we can understandthe thermal, 
mechanical, chemical, and physical properties of the sintered metal-organic frameworks.

Keywords: Sintering,Metal-Organic Frameworks, Coordination Polymer, Thermoluminescence, Nanoprobe 
Technology; 

They outperform the majority of benchmark 
adsorbents in gas adsorption and can change 
structurally by in situ or post-synthesis 
procedures. This allows them to be used in a 
range of applications, such as catalysis, drug 
delivery, sensing, water purification, energy 
storage, and more [11-13]. 

The research reported on the hot pressing of 
ZIF-4 and documented the thermal transition 
characteristics of various MOFs. Based on the 
melting point of the materials, the optimal 
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sintering temperature for metals and ceramics 
was determined [13-17]. Widmer et al. studied 
on hot-press approach and how the CPs behave 
when sintered from their powder condition 
following compaction.Melting and non-
melting CPs, such as ZIF-8 and [Zn(HPO4)
(H2PO4)2]2H2Im, are used in this study [17-18]. 
MOFs are commonly offered as powders, and 
their crystal sizes typically range from tens 
of nanometres to a few microns. Individual 
crystals in MOFs are commonly produced as 
polycrystalline powders and range in size from 
a few tens of nanometres to a few microns. 

Powders pose several processing difficulties, 
making them unsuitable for use in big industrial 
reactors. To solve these issues, MOF powders 
should be produced into packed objects with 
certain shapes and sizes. The shape is the process 
of compacting individual crystallites into 
millimetre-scale structures, which can be used 
to create easily handled products for industrial 
processes [19-23].  
The study is focused on the importance of 
making mechanically stable powder-based 
products that can withstand a variety of 
processing circumstances, removing mass 
transport constraints, and maintaining the 
physicochemical properties of pure powder 
[24-29]. MOFs are particularly vulnerable to 
losses in surface area and pore volume due to 
the formation process, and shaping techniques 
enable the molding of powders into shaped 
entities for application in different types of 
reactors.
Porous metals are highly desirable materials 
for various applications due to their unique 
combination of physical and mechanical 
properties. Their ability to absorb energy, 
dampen vibrations and reduce noise, their 
robustness at high temperatures along with 
excellent thermal conductivity, and their ability 

to be integrated into strong, stiff, and lightweight 
structures make them particularly attractive [30-
33]. One example of this is the use of Al foams as 
fillers in sandwich panels.

2	O verview of Sintering Process

2.1	H ot Pressing
Vacuum sintering was used to create pellets 
with a 10 mm diameter, as zeolitic imidazolate 
frameworks (ZIFs) undergo a phase shift from 
a solid to a liquid upon heating. MOF melting 
and sintering are unknown processes, but the 
P-T curve for the crystalline ZIF-62 material 
demonstrates how the sintering process may 
change phase-transition behaviours, with higher 
pressure leading to melting and amorphization 
at lower temperatures [34-39]. The earliestporous 
metals were loose packs, pressure loss, or gravity-
sintered metal powders, which are still used 
as filters and self-lubricating bearings. These 
systems have lower porosities than the majority 
of porous metals, with packing densities in the 
range of 40-60%. Only the capacity to sinter the 
metal in the right die can restrict the variety of 
metals in which porosity may be included [40-
42].

Fig.1. Hot pressing of ZIFs causes internal voids 
to emerge, resulting in a MOF monolith with few 
internal voids and high mechanical integrity [8].



TRANSACTIONS OF PMAI, VOL. 48, JUNE-DECEMBER 2023 25

Impact of Sintering on Metal-Organic Frameworks: A Review

2.2	E nergy Field-Assisted Sintering

Spark plasma sintering (SPS) is a process that 
quickly densifies green-body powder materials 
by applying pressure, heating, and electrical 
current all at once. For ceramic materials, it 
has been extensively employed [43-44]. In the 
early 20th century when Taylor and colleagues 
coupled hot pressing with electric energy. 12 
Controllable heating rates were produced by 
large currents given by utilizing conductive 
pressing tools. The applied electric field can 
accelerate the densification of the bulk monolith 
and promote phase transition [45-47].

The SPS approach is useful for creating multiphase 
composites due to its multidimensional 
parameter space and high-voltage spark, 
which can speed up reactions and allow for the 
percolation of distinct phases [48-50]. However, 
electrical energy has the potential to produce 
defects near the interface, where the metastable 
phases can be stabilized by the remaining energy 
barriers.

2.3	L iquid Phase Sintering

Meltable materials are the only ones that can 
be used for the method due to their high-
temperature solid-liquid phase-transition 
behavior. Low temperature heat addition 
can encourage solid particle rearrangement 
and speed up diffusion reaction, improving 
densification when combined with ceramic 
material sintering. However, the precise 
procedure for metallic and/or ceramic sintering 
systems is still unknown.

Chemical additives can be used to lower the 
melting temperature of non-meltable MOFs 
to reach the liquid phase. The ionic liquid was 

combined with the archetypal with ZIF-8to aid 
in its melting and subsequent sintering. The 
thermal breakdown temperature is lower than 
the melting point, and the quickly dissociating 
ligands are stabilized by the ionic liquid. The 
additional ionic liquid can be extruded during 
the sintering process to produce bulk materials 
that are mechanically robust and have few voids 
[51]. 

Liquid-phase sintering of inorganic glass/
indium tin oxide composites improves efficiency 
and uniformity of joule heat conduction and 
distribution, stabilizes metastable phases, and 
shapes microstructures, resulting in higher ionic 
conductivity [52-53]. 

Liquid-phase SPS has the potential for the 
production of composites due to its thermal 
response and joule heat, Frenkel defects, 
and selective interactions between solid and 
liquid phases [54-55]. This demonstrates the 
interconnectedness and complexity of the 
synthetic parameter space, making it a potential 
area of study for machine learning.

Electrowetting on dielectric conductive liquids 
is known as inorganic meltable materials and 
can be explained by the charge mobility process. 
This process enables quicker densification and 
fine-tuning of solid size-distribution profiles 
and offers a great deal of promise for managing 
the mechanical characteristics of bulk phases, 
stabilizing metastable phases, and influencing the 
interfacial properties of composite materials[56].
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Fig. 2. Liquid-phase sintering of MOF The 
microstructure evolution of MOF-perovskite 

composites during liquid-phase sintering is illustrated 
by a schematic diagram, and photoluminescence 

enhancement [8].

2.4	U ltra-fast Sintering and Laser Sintering

The heating rate of conventional thermal 
sintering is important for ceramics, as the size 
of finer grains grows with the increased rate of 
heat. To take advantage of this, field-assisted 
sintered techniques have been developed to 
produce samples with a high density and tiny 
grain size in a matter of minutes. Laser sintering 
is a quick heat-rate method for sintered ceramics. 
When the laser pulse duration is longer than 
the electron-phonon thermal relaxation period, 
the material exposed to laser radiation will 
be heated by electron excitation. The ability to 
localize heating at specific locations is made 
more appealing by the laser beams ability to be 
concentrated within a few hundred micrometers 
or even less. This method can be used to create 
ceramic components with intricate geometries 
[57].

2.5	R egulation of Defect Formation 

The high-temperature sintering process can 
result in additional defects in MOFs, which can 
boost ionic conductivity and catalytic efficiency. 
These imperfections are also related to the 
thermoluminescence in ceramics that possess 
some level of inertness. 

Controlling and creating defects in a precise 
manner is a complex task and requires 
sophisticated characterization methods to 
fully comprehend the dynamic, chemical, and 
structural alterations that occur during the 
sintering process. Our study has shown that 
IR infrared spectroscopy has the potential to 
analyze the metal-organic bonds in Metal-
Organic Frameworks (MOFs) with regard to 
bonding dynamics. Advanced high-energy 
spectroscopic imaging techniques such as 
X-rays and pair-distribution functions provide a 
deeper understanding of the short- to mid-range 
structures of materials created through sintering. 
There is a rising need for techniques that allow 
for spatially resolved analysis. Transmission 
Electron Microscopy (TEM) is used to study the 
distribution of crystalline and elemental phases 
in a composite of ZIF-8 glass and metal halide 
perovskite. This study could be further advanced 
by combining X-ray nanoprobe technology 
with cathodoluminescence or microscopic 
electron energy loss spectroscopy, though these 
methods are complex and require careful sample 
preparation, from analyzed data. Ultimately, a 
comprehensive perception of the relationship 
between the sintering state and defects will allow 
for the production or elimination of defects and 
the functionalization of the outcome is obtained 
[58].
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Fig. 3. Nanostructured study of composites with TEM. 
Scale bars are 250nm [8]

Fig. 5. The outcome for ZPI and ZIF-8 
using thermogravimetric analysis (TG) and 

thermoanalytical technique (DTA) [22].

Fig. 4. MOF sintering provides application and 
research opportunities, such as the generation of 

monoliths, and new types of composite materials [8]

3	C ase Studies

3.1	 ZPI and ZIF-8 Powder Thermogravimetric 
	D ifferential Thermal Analysis

The TG/DTA analysis revealed that ZPI 
has a melting point of 150°C, while thermal 
breakdown occurs at 160°C. A solvent release is 
visible in ZIF-8 between 27°C and 300°C, but the 
thermal breakdown is visible at temperatures 

of around 400°C [59-60]. The experimental 
findings reveal that the temperatures of sintered 
materials can be maintained between 110°C to 
270°C, respectively.

3.2	D isplacement in ZPI and ZIF-8 Green 
	C ompactsSintering

Temperature-dependent shrinkage of ZPI is 
monotonic, and a final measured shrinkage of 
10–20% is observed. In addition, only a slight 
variation in the displacement due to a change 
in the heating rate up to around 80°C is seen. 
Above 80°C, however, a quicker temperature 
increase causes a bigger observable shrinkage. 
At temperatures up to around 150°C, ZIF-8 very 
minimally shrinks (less than 1%), in contrast 
[61]. Because of thermal expansion, additional 
shrinking is not seen above 150°C. Additionally, 
the heating rate is a factor in ZIF-8’s shrinkage 
behavior from the start of the process, with 
quicker heating rates showing larger shrinkage.
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Fig. 6. ZPI and ZIF-8  shrinkage behavior and heating 
rate. The equivalent sample in the left and right 
figures, respectively, is the same line type [22].

Fig. 7. ZPI and ZIF-8 bulk samplesX-ray diffraction 
patterns, respectively [22].

Fig. 8. Ostensible density and permeability rate of 
dependence on temperature for (a) ZPI and (b) ZIF-8 

[22].

3.3	P hysical Characterization of the Sintered 
	C ompacts ZPI and ZIF-8

In ZIF-8 and ZPI, the X-ray diffraction (XRD) 
patterns taken of sintered MOFs at varying 
temperatures remain unchanged and there is 
no observable alteration in the XRD patterns 
at any temperature. Figure 7 and 8 shows The 
correlation between the mass and volume of the 
material, including its pores and water content 
(apparent volume), is studied. The terms “bulk 
density” and “bulk volume” are employed 
to describe the temperature dependence of 
granular materials [62]. In ZPI, the permeability 
decreases significantly as the temperatures of 
sintered particle process increase.

4	D iscussions

4.1	T he Mechanism of Sintering in MOFs

Metal-Organic Frameworks (MOFs) are 
synthesized by heating MOF precursor 
nanoparticles to create a solid that is thick and 
crystalline. The nanoparticles are heated to a 
temperature that is higher than the organic 
linker moleculesmelting point, but lower than 
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Fig. 9. ZPI and ZIF-8 images were captured using 
scanning electron microscopy on bulk materials [22].

Fig. 10. Asimplified picture of the sintered process of 
ZPI [22].

the metal ions melting point. The metal ions are 
left behind when the organic linkers thermally 
degrade at high temperatures and produce 
volatile species.Metal ions diffuse and interact 
with one another, forming a network of metal-
metal bonds that expand as the temperature 
rises [63]. This process is known as sintering and 
is often done in an inert environment to avoid 
oxidation or chemical reactions.The sintering 
conditions must be carefully managed to 
produce a dense, crystalline MOF material with 

a well-defined structure. If the temperature is 
too low, the MOF particles may not have enough 
energy to diffuse and connect with one another, 
resulting in a porous, low-density material.

Effect of Apparent Density on Sintering 
Temperature

As the temperature for sintering increases, 
the density of metals and ceramics appears to 
grow, and the porosity appears to decline, as 
demonstrated by the data for ZIF-8. At 95°C, 
the apparent density of ZPI at 95°C decreases, 
but there is no sign of solvent leaking [64-65]. 
This decrease in apparent density can be the 
consequence of changes to ZPI’s microstructure, 
such as localized melting at the primary particle 
contact, which causes previously closed pores to 
open, the volume appears to increase, and the 
density appears to decrease.

Conclusions

The study revealed that both melting ZPI 
and non-melting ZIF-8 could be transformed 
into a bulk body through a simple process of 
compaction followed by sintering, without 
sacrificing macroscopic crystallinity. Both 
samples shrank during sintering, although ZPI 
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shrank at a rate between 10-20% and less than 
1%. The study found that as the temperature for 
sintering was increased, the ostensible density of 
ZPI decreased, indicating that localized melting 
may have generated new closed pores.

Despite the significant advancements, MOF 
sintering is not used often in materials 
engineering applications. The modification 
of MOFs through amorphization has a broad 
range of potential applications, particularly in 
the vicinity of the solid-liquid phase transition. 
Further investigation into the relationship 
between kinetic amorphization and its practical 
capabilities should be driven by this promising 
area of study.
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1.	I ntroduction

The primary impetus driving technological 
innovations of nanoscale metal oxides is the 
ability to modulate physical and chemical 
characteristics by precisely controlling size and 
morphology. Although conventional batch 
processes have demonstrated efficacy, they 
are often limited by poor process reliability, 
yield, and cost-effectiveness. In recent times, 
microwave-assisted (MW) methods have been 
representing novel nanoparticle synthesis 
strategies that are proficient (energy saving 
and high heating rate) and flexible. Despite 
the benefits, there exist bottlenecks associated 
with the difficulty of scaling up from lab-scale 
to large-scale production [1,2,3]. To address 
this, we designed a pilot-scale continuous flow 

Abstract: Luminescent ZnO nanopowders (NPs) were prepared by three synthesis protocols — batch reactor 
assembly, microwave (MW)-assisted method, and a novel continuous flow platform (CFP) equipped with a 
helical coil reactor. The reaction milieu was made thermodynamically favorable for accelerating oxygen vacancy 
promotion to engineer the bandgap. The synthesis routes were evaluated and compared based on the quality of 
the nanopowders in terms of size distribution, photoluminescence quantum yield (PLQY), and specific surface 
area. The results elucidated that the batch and MW-assisted strategies were plagued by inefficient mixing and 
limited yield. Thus, to overcome these drawbacks, a scalable yet affordable route for producing these NPs in 
larger quantity while ensuring superior material properties was designed and implemented. The crux of this flow 
platform lies in accurate control of nucleation events through improved fluid dynamics and heat transport enabled 
by the reactor’s configuration. The NPs fabricated using this CFP manifested monodispersity, superior PLQY 
and yield. Due to these lucrative characteristics, the flow platform hold potential as a viable and encouraging 
alternative to the traditional nanopowder synthesis approaches.

Keywords: Luminescent ZnO nanopowders, oxygen vacancies, batch process, microwave-assisted method, 
continuous flow platform, scalable

reactor prototype for the synthesis of defect-
engineered ZnO nanocrystals (NCs) on a gram-
scale and compared the structural and optical 
properties of the NCs with the batch and MW 
methods.

The size-tailored defect emission of ZnO NCs has 
profound implications in value added-products, 
namely, paints, bio-imaging, sunscreens, anti-
counterfeit inks, and other applications of 
socio-economic importance [5,6]. Alteration of 
the bandgap through deliberate incorporation 
of oxygen vacancies during the synthesis by 
creating a minimal oxygen milieu makes these 
nanostructures versatile and synergistically 
enhances their functionalities. Therefore, it is 
vital to understand the role of the batch, MW, 
and continuous flow syntheses (CFS) on the 
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structure and properties of the as-synthesized 
ZnO.

In this work, we present the luminescent ZnO 
nanopowder synthesis by batch, MW, and 
continuous flow route. Some encouraging results 
have been demonstrated here that compare the 
photoluminescent characteristics of the NCs 
obtained from the different synthesis strategies. 
Further, to understand the effect

of the synthesis process on the structure, 
size distribution, bandgap, defect emission 
characteristics, and colloidal stability, x-ray 
diffraction (XRD), high resolution transmission 
electron microscopy (HR-TEM), UV-visible 
(UV), and photoluminescence spectroscopy, 
and dynamic light scattering, respectively, were 
employed.

2.	E xperimental procedure

2.1	C hemicals

Zinc acetate dihydrate (Zn(CH3COO)2) (99.99%), 
lithium hydroxide (LiOH) (analytical grade), 
and cis-9-octadecenoic acid (oleic acid Pure) 
were procured from Sigma Aldrich and used as 
received.

2.2	M ethodology

Our endeavors commenced by fabricating 
oxygen vacancy engineered ZnO NCs in batch 
and microwave-assisted process as a preliminary 
step. Absolute ethanol was used as the solvent 
medium for preparing Zn(CH3COO)2.H2O and 
LiOH solutions by magnetic stirring. For the 
conventional batch process, the Zn(CH3COO)2.
H2O solution was heated to 75˚C and the 
ethanolic LiOH was poured at a rapid rate to 
initiate the reaction. The reaction took place for 
75s, following which, the round bottomed flask 

was quenched to room temperature. In case of 
the MW synthesis, the precursor solutions were 
poured in a glass vial and sealed to create an 
oxygen deficient atmosphere. An Anton Paar 
Monowave reactor (operating frequency ~ 2.45 
GHz) was employed for the synthesis. The 
reaction temperature and time were same as 
the batch mode to facilitate easy comparison 
between the protocols.

Consequently, the quality and yield of the 
nanopowders obtained from the batch and 
microwave were assessed. Agglomeration 
among the particles was noticeable in the batch 
synthesized-nanostructures. We confirmed that 
despite the advantages of volumetric heating in 
MW-assisted synthesis, which aids in quickly 
overcoming the energy barrier for activation 
and nucleation events for forming uniform sized 
NCs, the process is unamenable for industrial-
scale production.

This issue was resolved by translating the batch 
protocol to the continuous flow platform (CFP) 
for gram-scale synthesis of ZnO NPs. Peristaltic 
pumps were used to feed the precursor solutions 
which were separately prepared by dissolving 
Zn(CH3COO)2. H2O and LiOH through magnetic 
stirring. The solutions were allowed to pass 
through the designed helical coil reactor and 
collected in a bottle placed in an ice-bath to 
rapidly quench the NCs formed. The water bath 
in which the helical coil reactor was placed was 
maintained at 75˚C, similar to the batch and MW 
processes [4]. The product at the output end was 
collected and then subjected to centrifugation to 
obtain the ZnO nanopowders.

The photoluminescence of the samples was 
characterized using HORIBA Jobin Yvon 
Fluorolog 3 spectrofluorometer. For estimating 
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the bandgap of the as-synthesized nanocrystals, 
a JASCO V-570 UV-Vis Spectrophotometer was 
employed. The HR-TEM images were recorded 
with a Tecnai G2, F30 transmission electron 
microscope (300 kV). X-ray diffraction patterns 
were acquired with Cu Kα radiation using a 
PANalytical Empyrean powder diffractometer. 
ZetaSizer Nano- ZS, Malvern Instruments, was 
used for the colloidal stability measurements 
by examining the hydrodynamic sizes of the 
NCs obtained from the batch (ZnOB-NCs), MW 
(ZnOMW-NCs), and flow process (ZnOCFS-NCs). 
Brunauer–Emmett–Teller (BET) surface area 
measurement was performed for the powder 
quality assessment.

3.	R esults and discussion

PL spectroscopy was carried out for the as-
prepared ZnOB-NCs, ZnOMW-NCs, and ZnOCFS-
NCs to analyze the formation of maximum 
concentration of oxygen vacancy defects 
under kinetically favourable conditions and 
the role of molar concentration on enhancing 
the luminescence. The appreciable changes 
were denoted from the full-width half maxima 
(FWHM) and PL quantum yield (PLQY) enlisted 
in Table 1. Fig 1. demonstrates the comparison 
of the luminescent characteristics of the three 
different ZnO NCs. The advantage of CFP is 
that the helical nature of the reactor expedites 

Fig. 1. Effect of molar concentration of precursors on the photoluminescent characteristics are presented though the 
PL spectra recorded for ZnO NCs prepared by (a) continuous flow platform (b) microwave-assisted method (c) batch 

reactor, under identical synthesis conditions – temperature of 75°C and reaction time of 75s (d) Variation of peak 
PL intensity with precursor molar concentrations for the three processes denoting the influence of intrinsic reactor 

characteristics - mixing and heat transport on enhancing the luminescence.
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Fig 2. presents the the UV-visible absorption 
spectra of the engineered ZnO nanopowders 
obtained at identical reaction conditions of 
temperature (75˚C) and reaction time (75s). The 
ZnOCFS NPs exhibited an absorption maximum 
at 345 nm, while that of nano-ZnOMW and ZnOB 
were 349 nm and 358 nm, respectively. This 
distinct blueshift in the band edge corresponds 
well with the wider bandgap of ~ 3.48 eV 
compared to ZnOMW (~ 3.44 eV) and ZnOB (3.36 
eV) NPs. These spectral changes are attributed 
to the size-dependent quantum confinement 
effects. Based on the Tauc’s plot approach, the 
absorption spectra were re-plotted to estimate 
the optical bandgap. Upon extrapolating the 
linear segment of the curves plotted using 
equation (1), till the straight line intersects the 
hν axis. The value of the intercept gives the 
estimated bandgap (EZnO).

(αhν)2 = A (hν –EZnO) …............................. (1)

In the above equation, hν is the photon energy 
necessary to excite an electron. The particle sizes 
calculated for the three samples by considering 
their bandgaps denoted that ZnOCFS NPs were 
the smallest ~ 5.2 nm, followed by ZnOMW ~ 
6.4 nm, and ZnOB ~ 8.8 nm. Thus, it is inferred 

the heat transfer, therefore, eliminating 
the generation of localized “hot spots” or 
temperature gradients. This high heating rate 
(2.5˚C/s) of CFP is most conducive for oxygen 
vacancy generation and led to the highest PL 
intensity with increasing molar concentration 
of [Zn2+]/[OH-], among the three processes. On 
the other hand, MW-assisted method comprises 
of volumetric heating that augments the heating 
rate with homogenous temperature distribution 
throughout the reactor. For our MW-synthesis 
the heating rate was 1.7˚C/s (50W power) 
and that of batch was 0.18˚C/s. Although the 
performance of MW reactors is commensurable 
to CFP, yet the mixing and yield are limited. 
To make the luminescent NPs industrially 
viable, it was crucial to maximize the yield with 
simultaneous enhancement of defect emission. 
Hence, for improving the yield, the molarity of 
the precursors was increased till the precursor 
salts did not dissolve further. For the highest 
molarity of 0.19M, the PL intensity was found 
to be maximum for CFP. The concentration 
dependent-increment in luminescence is due 
to the presence of highest number of oxygen 
vacancies at 0.19M. The nanopowder synthesized 
by CFP also exhibited a prolonged photostability 
for over 330 days. A (5.79%) reduction in FWHM 
was noted for ZnOCFS-NCs, and (5.07%) for 
ZnOMW-NCs. Moreover, the PLQY estimated 
for 0.19M ZnOB-NCs, ZnOMW-NCs, and ZnOCFS-
NCs with rhodamine 6G as the standard was in 
the following order: ZnOB-NCs (0.40) < ZnOMW-
NCs (0.61) < ZnOCFS-NCs (0.89). These results 
hold evidence of how accurately governed 
reaction environment favours the kinetics of 
nanopowder formation and boosts their desired 
characteristics.

aFWHM is estimated from PL spectra (Fig 1a; 1b; 1c), bQY 
is determined from PL spectra (Fig 1a; 1b; 1c), *The FWHM 
and PLQY have been estimated for samples prepared with 
precursors having molar concentration of 0.1M

Table 1. Comparison of the photoluminescent 
characteristics of the as-synthesized ZnO nanopowders

b* a*
Samples PLQY  FWHM  
  (nm)

ZnOB-NCs 0.40 138

ZnOMW-NCs 0.61 131

ZnOCFS-NCs 0.89 130
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that the shifts observed in the PL spectra of the 
samples synthesized by the three processes are 
because of the quantum size effects.

The spherical morphology and size distribution 
of the NCs are observed from the HR-TEM images 
(Fig 3.). The images denoted good crystalline 
quality and non-agglomeration that the material 
system exhibited, particularly ZnOCFS-NCs. 
ZnOB-NCs, ZnOMW-NCs, and ZnOCFS-NCs 
were prepared under identical conditions of 
temperatures and residence times to understand 
how the intrinsic reactor properties like mixing 
and heat distribution influences the reaction 
kinetics and Lamer-mediated nucleation-growth 
phenomena. The average particle sizes deduced 
from the TEM micrographs of ZnOB-NCs, 
ZnOMW-NCs, and ZnOCFS-NCs are 6.1 nm, 5.7 
nm, and 4.5 nm. Homogeneity in morphology 
and size are clearly evident in flow synthesized-
NCs, however, slight increment in size with 
polydispersity is seen for the other two samples. 
The distance between the lattice planes of ZnO 
NCs was ascertained to be 0.26 nm, which is 
in relation to the (101) plane. We envisage that 
the secondary flow formation in the helical coil 
reactor, accelerates the nucleation of the NCs 
leading to the highly monodispersed nature, in 
comparison with ZnOB-NCs and ZnOMW-NCs. 
It is important to note that although the rapid 

Fig. 2. (a) UV-visible absorption spectra of ethanolic 
solutions of ZnOCFS-NCs, ZnOMW-NCs, and ZnOB-
NCs representing the blue-shift of the band edge from 

358 nm to 345 nm. (b) Tauc’s plot obtained by re-plotting 
(a) by using equation (1) to calculate the bandgap of the 

samples.

Fig. 3. TEM and HR-TEM micrographs of engineered ZnO 
nanopowders obtained through (a-b) CFP; (c-d) MW-

assisted method, and (e-f) batch synthesis, respectively. 
Histograms at the lower right insets of the images 

((a), (c), and (e)) show the corresponding particle size 
distributions. The selected area diffraction patterns are 
depicted in the upper right inset in each of ((a), (c), and 
(e)). The dotted ovals marked in ((b), (d), and (f)) are for 

eye guide and show the spherical ZnO NPs formed.

dielectric heating employed in the MW-assisted 
protocol expedited the nucleation-growth 
kinetics, however, the mixing efficiency was not 
as high as CFP, leading to a marginal increase 
in size. Interestingly, the batch reactor led to 
somewhat broader size distribution which can 
be attributed to i) the generation of temperature 
gradients because of the small surface-to-volume 
ratio of the reactor compared to the MW and 
CFP and ii) the classical stirring speed used in 
the batch reactor drives the diffusion-mediated 
mixing which hampers the reaction efficiency.
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Fig. 4. Powder x-ray diffraction patterns of ZnOCFS 
NCs, ZnOmw NCs, and ZnOB NCs indicating a Wurtzite 

crystal structure.

XRD patterns of the nanopowders indicated 
the formation of phase pure ZnO with wurtzite 
crystal structure, in accordance with JCPDS-
ICDD index card no. 36–1451, as shown in Fig 4. 
The crystallite sizes obtained from (101) peak of 
the nanocrystals using Debye-Scherrer equation 
was in the following order: ZnOCFS NPs ~ 3.7 nm 
< ZnOMW NPs ~ 4.6 nm < ZnOB NPs ~ 5.2 nm, 
in consonance with the average particle sizes 
obtained from TEM. The diffraction maxima 
exhibited broadening which can be ascribed 
to the presence of oxygen vacancy defects 
that enhance the lattice strain and the small 
dimensions of the particles (nano-size effects). 
This feature was present in the spectra of all the 
three samples.

The BET surface area analysis was performed 
to contrast the quality of the luminescent 
nanopowders obtained from the batch, 
MW-assisted method and check for particle 
agglomeration, if any. Determination of the 
specific surface areas involves taking into 
account the nitrogen physisorption isotherm. 
The BET surface area (SA) of ZnOCFS NPs was 
measured to be ~247 ± 6 m2/g, which is roughly 
1.4 times higher than ZnOB NPs (SA ~ 174 ± 2 
m2/g), while 1.2 times more than ZnOMW NPs 
(SA ~ 206± 5 m2/g). The decrease in specific 
surface area underlines the increase in particle 
agglomeration and reduction in powder quality. 
The findings suggest that the synthesis process 
largely influences the powder quality. Rapid 
molecular mixing enabled by the helical coil 
due to secondary flows aid in negating particle 
aggregation, thereby enhancing the BET-surface 
area. However, the local inhomogeneities that 
are predominant in the batch synthesis, slow 
down the nucleation phenomena and make it 
difficult to regulate. This result in increased 
agglomeration and lowers the surface area of the 
nanopowders.

Table 2. denotes the results of six independent 
experiments carried out to determine the 
colloidal stability of the ZnOCFS, ZnOMW 
and ZnOB nanostructures by measuring their 
hydrodynamic size and polydispersity index. In 
case of nano-ZnOCFS a monomodal distribution 
was measured by DLS, illustrating the effect 
of regulated mixing and uniform temperature 
distribution achieved in CFP. An increase in 
polydispersity index of 52% was observed for 
the batch process, while that of MW method 
was 37%, compared to CFP. The reproducibility 
was significantly improved for CFP and MW 
synthesis than batch mode. The standard 
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deviations of the average hydrodynamic size 
obtained from the experimental values, indicate 
drastic difference for batch (9.64) and MW-
assisted process (3.37) than CFP (0.18). These 
observations imply that even minor variations 
in mixing and heat distribution can make one 
synthesis protocol more favourable than the 
other. This also impacts the properties of the end 
products akin to particle size distribution. The 
fast heating and mixing in CFP result in short 
nucleation events and prevents any unwanted 
nucleation-growth leading to the superior 
monodispersity.

4.	C onclusions

• The luminescent defect-engineered ZnO 
nanopowders obtained by CFP, MW-assisted 
synthesis and batch approach, exhibit 
Wurtzite crystal structure, phase purity, 
spherical morphology and uniform size of 
4.5 nm, 5.7 nm, and 6.1 nm, respectively. 
However, the size distribution is narrowest 
for ZnOCFS NPs, while slight polydispersity is 
prevalent for ZnOB.

• The NPs exhibit quantum size effects, 
pronounced from their blue shifted peak in 
the absorption spectra. This subsequently 
resulted in intense yellow-green emission in 
the visible regime. The peak intensity and the 
PLQY associated with this oxygen vacancy-
mediated emission is the highest for ZnOCFS 
NPs followed by ZnOMW and ZnOB NPs.

Table 2. Hydrodynamic diameters and polydispersity 
index (PDI) of the ethanolic dispersions of ZnOCFS, 

ZnOB, and ZnOMW nanopowders
 CFP  Batch  MW-assisted 

synthesis 
 

 Hydrodynamic 
size (nm) 

PDI Hydrodynamic 
size (nm) 

PDI Hydrodynamic 
size (nm) 

PDI 

Run 1 7.62 0.22 87.34 0.41 26.18 0.29 
Run 2 7.66 0.19 73.91 0.50 18.52 0.31 
Run 3 8.03 0.21 89.62 0.33 20.84 0.26 
Run 4 7.61 0.15 95.74 0.47 24.02 0.28 
Run 5 7.85 0.16 77.28 0.45 26.94 0.26 
Run 6 7.97 0.21 71.80 0.39 20.60 0.32 

•	 A remarkably high BET-specific surface area 
is determined for ZnOCFS NPs (~247 ± 6 m2/g). 
The reduction in the surface area of ZnOMW 
and ZnOB NPs depicted agglomeration 
among the particles in the material systems.

•	 The stringent regulation on synthesis 
conditions in CFP resulted in monodispersed 
particles and lower standard deviations 
compared to the MW and batch reactors. This 
signified the enhanced colloidal stability and 
inter-run reproducibility of nano- ZnOCFS.

•	 The outcomes elucidated that improved 
mixing and surface-to-volume ratio in 
helical coil reactors lead to homogenous heat 
distribution and shorter nucleation times, 
facilitating precise nanocrystal size control 
for scalable production.

Thus, investigation of these concerted effects of 
varied synthesis processes on defect engineering 
in functional nanopowders is anticipated to pave 
newer avenues in the rational design of smart 
nanostructures.
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1.	I ntroduction

Aluminium and its alloys are being extensively 
used in various sectors including power 
transmission, automotive,aerospace, defence, 
medical and construction industries. Owing to its 
increased usage andon account of the properties 
of aluminiumsuch as high specific strength, 
corrosion resistance, conductivity, non-magnetic, 
formability and excellentrecyclability the 
average consumption of aluminium is projected 
to increase 4% per year over the coming decades 
[1,2]. It is well-known that the production of 
primary aluminium is by the Hall-Heroult 
process, which is highlyenergy-intensive. On the 
other hand, the energy required for aluminium 
recycling and corresponding GHG emissions are 

Abstract: Machining of aluminium components generates huge volume of swarf in aerospace and automotive 
industries. When swarf is recycled via conventional method of remelting, the melt losses are relatively higher, 
i.e., approximately 10-20 % of aluminium is lost due to oxidation, splashes etc. As an alternative, solid-state 
or direct recycling of aluminium swarf (chips, turnings, borings etc.) is being developed at JNARDDC, which 
includes cleaning, compaction of chips and extrusion of compacted billets. The present study investigates the 
effect of solvents on cleaning of AA2024 machining swarf and the effect of preheat temperature on the density 
and macrostructure of its compacted specimen. The as-received swarf, collected from an aerospace component 
manufacturing company, was cleaned in an ultrasonic cleaner for 30 min using different solvents like de-
mineralized water, acetone and ethanol to remove coolant, lubricant oil and dirt residue from surface of chips. 
Based on the analysis of the residue content in the cleaned solutions, it is observed that acetone cleans better than 
the other two solutions. Compaction of cleaned chips was carried out at preheat temperatures ranging from 250 
to 400˚C to evaluate the percentage densification and the mechanical swarf-swarf bonding among chips. The 
density increased from 54 to 77% as that of the density of AA2024 with increase in temperature. Further studies 
are in progress to improve the densification of compacted specimens.

Keywords: Solid state recycling; Aluminium swarf recycling; Solid waste management; Machined chips; 
Microstructure.

estimated to be 95% lesser when compared to 
primary aluminium production[3]. The present 
industrial practice in aluminium recycling 
consists of cleaning, drying,compaction, 
melting, molten metal treatment and ingot 
production. However, there are relatively higher 
melt lossesduring conventional recycling of 
aluminium swarf/chips as nearly 10-20% of 
aluminium is lost due to oxidation,splashes, 
being trapped in the filtration system etc. Even 
with all possible efforts, this melt lossduring 
the aluminium swarf could not be completely 
avoided. As an alternative, solid-state or direct 
recycling of aluminium swarf (chips,turnings, 
borings etc.) is economical and leaves a lower 
carbonfootprint as compared to the conventional 
melting of aluminium chips. 
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The solid-state conversion of aluminium alloy 
machining chips into products by hot extrusion 
was first patented by Stern, as a method to 
address the issue of melt loss during remelting 
of aluminium chips. Since aluminium chips 
are naturally covered by an oxide layer, plastic 
deformation and compressive stresses should 
be high enough to break the oxide layers and 
to enable contact between surfaces of pure 
metal[4,5]. Wojciech et al., compacted AA6060 
aluminiumalloy chips into billets using 
three techniques for powder extrusion and 
found that the higher density is obtained for 
compacts prepared by multi-layer compaction 
technique[6].Kadir et al., produced AA6061 
alloy matrix composites from AA6061 chips, 
SiC particles (2.5, 5 and 7.5 wt.%) and Alpowder 
(10, 30 and 50 wt.%) by the cold pressing and 
sintering. They could attain the density of sample 
AA6061/10Al powder near totheoretical at 2.43 
g/cm3 and highest hardness of 61.0 HV [7].

Even though thecompaction and consolidation 
of aluminium alloy powders are available in the 
existing literature[8–10], extensive studies on 
the compaction of aluminium alloy machined 
swarf are scarce. The present study investigates 
the effect of solvents on the cleaning of AA2024 
machining swarf and the effect of preheat 
temperature on the AA2024 machining swarf 
compaction.

2.	E xperimental procedure

AA2024 swarf generated during the lathe 
machining of components was collected from 
Tata Advanced Systems Ltd., India,an aerospace 
production shop floor.Fig. 1 shows the swarf 
in as-received condition, whichwas long and 

non-uniform in size. The swarf was subjected to 
crushing and grinding to make a uniform size 
that can sieve through standard US Mesh 3. Since 
lubricants and coolants are used for machining 
the components, these oils and dirt residues 
mightalso have adhered to the generated swarf. 
To clean the swarf, three different solutions 
i.e., de-mineralized (DM) water (Commercial 
grade with pH 6.90), ethanol (AR grade)and 
acetone(AR grade) were utilized for agitation in a 
50 L ultrasonic cleaner. To optimise the cleaning 
solvent, 100 grams of AA2024 swarfimmersed 
in 200 ml of each of the cleaning solvents and 
ultrasonicated for 30 mins. After ultrasonication, 

Fig. 1 (a) As-received AA2024 swarf (b) Crushed AA2024 
swarf



TRANSACTIONS OF PMAI, VOL. 48, JUNE-DECEMBER 202344

the AA2024 swarf was filtered out, and the 
residue solid content analysis was carried out as 
per IS 82 standard. The cleaned AA2024 swarf 
was also analysed using ICP-OES (Thermo 
scientific, ICAP 7000, USA) to determine the 
elemental composition. 

Cleaned and dried AA2024 swarf was filled in 
a cast iron mould as shown in Fig. 2.The outer 
dimension of the mould is 80 X 80 mm X 250mm 
and the inner diameter is 60mm, while the MS 
plate of 120 X 120 X 30mm is fastened to the 
base of the mould.A round bar of 59 mm in 
diameter and 270 mm long made from EN 24 
was used as a punch for compaction. AA2024 
swarf was compacted at ambient temperature as 
well as different preheat temperatures ranging 
from 250-400°C for a duration of 1 hand bulk 
density was determined. Compacted specimens 
were characterized using scanning electron 
microscope(SEM: IT-300, JEOL, USA).

3.	R esults and discussion

3.1	S warf characterisation

The chemical composition analysis is given in 
Table 1. It is clear that the elemental composition 
is within the range and conformance with 
standard AA2024. The morphology of AA2024 

Effect of Preheat Temperature on Compaction of Machined AA2024 
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Fig. 2 CAD model of mould (a) 3D and (2) 2D projections

Fig. 3 Morphology of swarf (a) 50 X and (b) 450 X 
magnifications

Table. 1. Chemical composition of cleaned AA2024 swarf.

swarf is shown in Fig. 3(a-b). It is observed that 
the surface of the swarf exhibited a striation-
like structure due to plastic deformation, strain 
hardening and subsequent breakage of the layer 
during machining. When observed at a higher 
magnification, Fig. 3(b), it can be understood 
these are the severely deformed areas that lead 
to initiating points for the swarfbreakage to 
smaller pieces.

3.2	C leaning solvent optimisation

De-mineralized (DM) water, ethanol and acetone 
were taken as cleaning solvents ofswarf, which 
was ultrasonicated.Due to the cleaning action, 
the initially transparent solutions changed to 
dark colour. It was visually observed that the 
swarf-cleaned acetone is darkest among the three 
solvents, followed by ethanol and DM water. 
Residue solid content analysis in the cleaned 
solventsis shown in Fig. 5. Based on the analysis, 
residue content present in DM water, ethanol 
and acetone werefoundto be 178, 3620,and 
3714mg/L respectively. This indicatesthat 
acetone cleans better than the other two solutions.

Al alloy grade Cu (%) Mg (%) Mn (%) Fe (%) Al (%) 

Standard AA2024 3.80-4.90 1.20-1.80 0.30-0.90 0.50 Rem. 

Analyzed 
AA2024 chips 

4.14 ± 0.07 1.8 ± 0.04 0.63 ± 0.01 0.19 ± 0.04 Rem. 
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Fig. 4 After cleaning in ultrasonic cleaner (a) Acetone,  
(b) DM water and (c) Ethanol

Fig. 5 Residue content analysis of cleaning solvents Fig. 7 Compaction of swarf in as-received condition (a) 
without heating and (b)with preheat at 250 ˚C

Fig. 6 Soaking of AA2024 swarf for durations: (a) 10 mins, 
(b) 20 mins, (c) 30 mins, (d) 60 mins and (e) 120 mins

The carbon content present in each solution is 
analyzed to understand acetone’s slightly better 
performance than ethanol. Clearly, the carbon 
content in acetone (62%) is higher than that 
of ethanol (52%). Hence for the same volume 
taken, acetone cleans swarf better than ethanol. 
To optimize the soaking duration for cleaning, 
swarf was immersed in acetone ranging from 10 
to 120 mins. By observing Fig. 6, it is understood 
that the cleaning of swarf in acetone is optimized 
for 30 mins as a higher duration will not have 
any significant change and moreover, it will lead 
to longer processing time. 

3.3	C ompaction of AA2024 swarf
Initially, the acetone-cleaned as-received AA2024 
swarf was attempted for compaction at room 
temperature. No bonding between the swarf 
was observed as the swarf got disintegrated 
during handling. Hence, heating of the swarf 
was employed at 250 °C to soften it and to 
have a bonding of the swarf. A sample of 60 
mm diameter and 48 mm long was obtained. A 
briquette-kind of bonding between the swarfthat 
corresponds to 47% density as that of standard 
AA2024 was obtained. In this specimen, porosity 
is observed mainly due to non-uniform size of 
machining chips. Hence, it was understood that 
the uniform size and shape of the machining 
swarf playan important role in the compaction 
process. Subsequently, another compaction at 
250°C was attempted using crushed swarf instead 
of the as-received swarf. This led to improved 
densification (Fig. 7) asthe particle size of the 
swarf was maintained nearly uniform prior to 
compaction.
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Subsequent compactions were carried out 
on crushed swarf at different temperatures 
ranging from 250 – 400 °C and the as-compacted 
bulk specimens are shown in Fig. 8.  It was 
observed that the densification of compacted 
specimensincreased with an increase in 
temperature.During compaction, the distance 
between the adjacent swarf particles reduces 
as the swarf tries to occupy the vacant spaces. 
Once the swarf particles come in contact during 
compaction, the surface oxide layer of the swarf 

Effect of Preheat Temperature on Compaction of Machined AA2024 
Swarf

Fig. 8 Compacted specimens using crushed & cleaned chips at preheat temperatures: (a) 250 °C, (b)300 °C,  
(c) 350 °C and (d) 400 °C, in top and side views.

Table 2. Compacted specimen density with respect to preheat temperature

gets broken due to friction at the interface. 
Simultaneously, metal surfaces get exposed and 
resulting in the mechanical bonding between 
swarf particles. Even though at a higher 
temperature the oxide layer would be thicker 
than the cold condition, the softening and severe 
plastic deformation of swarf particles are higher 
and correspondingly the metal-to-metal contact 
surface area is also higher. This leads to the 
increased bulk density at 400 ˚C. The calculated 
densities of compacts are tabulated in Table 2.

Sl. 

No. 
Condition of AA 2024 swarf 

Preheat 

temp. 

Compacted 

density, g/cc 

% Compacted density 

w.r.t AA2024  

1 As-received & cleaned chips No preheat Not compacted -- 

2 As-received & cleaned chips 250 ˚C 1.30 47% 

3 Crushed & cleaned chips 250 ˚C 1.59 55% 

4 Crushed & cleaned chips 300 ˚C 1.66 59% 

5 Crushed & cleaned chips 350 ˚C 1.93 69% 

6 Crushed & cleaned chips 400 ˚C 2.14 77% 
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Fig. 9(a) Schematic of sample segments used for SEM, (b) SEM images of compaction at preheat temperature of (b)350 ˚C 
and (c) 400 ˚C, in cross-section as per schematic (a).

To understand the macrostructure of compacted 
specimenspreheated at 350 ˚C and 400 ˚C, 
the morphology at the entire diameter was 
analysed across thecross-sectionalarea of the 
specimen segment, Fig. 9. It was observed that 
the compaction is not homogenous and samples 
exhibited similar compaction behaviour for both 
the conditions i.e., higher compaction at both the 
edges and poor at the centre portion. This can be 
attributed to the difference in restriction offered 
to swarf particles at the edges and centre portions. 

4.	C onclusions

The study investigated two aspects of solid state 
recycling of machined AA2024 swarf. Firstly, the 
effect of cleaning solvents i.e., DM water, ethanol 
and acetone on cleansing action of swarf were 
investigated or anlaysed. Based on the residue 
content analysis, acetone was found to be the 

At the edge, the movement of swarf particles is 
completely restricted by the die wallon one side. 
This leads to more friction between the swarf 
particles resulting in more rupturing of oxide 
layer and metal-to-metal bonding. However, 
in the case of swarf particles at the centre, the 
restriction offered to swarf particles’ movement 
during compaction is much less, hence lead to 
lesser bonding. Delamination of swarf particles 
was also observed only at the centre but not on 
edges due to the same reason.

best cleaning solvent among the three solvents 
attempted in this study. Also, the time duration 
for cleaning of swarf with acetone was found to 
be optimum at 30 mins. Secondly, the compaction 
of swarf was carried out at room temperature 
and various preheat temperatures ranging from 
250-400 ˚C. Compaction attempt on as-received 
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swarf at room temperature did not show any 
bonding as it was completely disintegrated; but 
at a preheat temperature of 250 ˚C, the swarf 
was slightly better compacted. The density of 
swarf was further increased from 54% to 77% 
when the swarf was crushed to a uniform size 
and compacted from 250-400 ˚C. From the macro 
and microstructural details, the compaction was 
observed to be inhomogeneous and the edges of 
the samples exhibited better compaction than 
that of the centre. Further studies are required 
to improve the compaction density to use the 
compacted swarf for extrusion applications.
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1.	I ntroduction

Aluminium alloys are widely used in aerospace, 
automobileand defence applications due to 
their high strength-to-weight ratio[1]–[3]. As 
pure aluminium is soft and cannot be directly 
used for structural purposes, it is strengthened 
by alloying additions and in certain cases by 
the addition of hard ceramic reinforcements 
such asSiC [4], TiB2 [5], TiC[6], Al2O3 [7], Al3Zr 
[8], etc. to the aluminium matrix [9]. These 
aluminium metal matrix composites (MMCs) 
are synthesized through conventional stir 
casting[10], centrifugal casting[11], squeeze 
casting[12], and in-situ processes[8], [13]. In 
conventional melt casting route of fabrication, 
issues like the non-uniform distribution of 
reinforcements, chemical reaction between 
reinforcement and matrix material, wettability 
etc., are experienced, which adversely affect 
the mechanical properties of the composite[10], 
[14], [15].These issues can be overcome in the 
powder metallurgy route wherein the composite 

Abstract: Powders of W mixed with Ti were ball milled for 6 hours in a hardened steel vial. Contamination with 
Fe from the milling media resulted in a W-Ti-Fe alloy instead of the desired W-20 at.% Ti alloy.The as-milled 
powder bearing a grain size of 7 nm was used for reinforcing aluminium using the cold pressing and sintering 
method. For comparison purposes,Al composites containing Was reinforcement were also prepared. Analysis 
of the sintered compacts using SEM-EDS and XRD revealed that W particles reacted with Al to form Al12W 
intermetallic compound in the case of the Al-W composite. However, in the case of the Al-WTiFe composite, not 
all of the W-Ti-Fe particles got converted into the Al12W intermetallics. This was attributed to the difference in 
average particle size of W andW-Ti-Fepowders.Additionally, the hardness of the Al rich regions in Al-WTiFe 
and Al-W composites were observed to be 102 and 84 VHN respectively which is higher than that of pure Al at 
30 VHN.

Keywords: Aluminium composites; Mechanical alloying; W-based reinforcements; Sintering; Hardness.

has a homogenous distribution of matrix and 
reinforcement particles and exhibits high bulk 
densities after cold compaction and sintering[8], 
[16]–[19].

Tungsten is an excellent reinforcement because 
of its high hardness, melting point, stiffness, 
good chemical stability, corrosion resistance and 
electrical conductivity[20], [21]. Huang etal. [21] 
fabricated Al composite with W as reinforcement 
through friction stir processing (FSP) route. The 
composite’s hardness and strength increased 
with the number of FSP passes. Feng etal.
[22]introduced Al12W as reinforcement in 
aluminium matrix using in-situ processes. The 
Al12W was well distributed within the Al matrix 
and the bonding between Al12W and matrix was 
also very good. The tensile strength of the Al/
Al12W composite was observed to be greater 
than that of the pure Al. 

Strength of a composite is usually a function 
of the strength of the reinforcement. The 
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strength of the metallic reinforcement usually 
increases with adecrease in the grain size in 
accordance with the Hall-Petch equation[23]–
[26].Nanocrystalline tungsten could be used as a 
reinforcement for aluminium subject to thermal 
stability of the nanograined structure during 
high temperature processing of the composite.
Chookajorn and Schuh[27]reported extremely 
high stability of the nanostructure of W-20 
at.%Ti,bearing a grain size of 20 nm. The use of 
W-Ti system as a reinforcement for aluminium 
has not been reported before. Hence this work 
attempts to develop Al composites reinforced 
with nanostructured W alloy using the powder 
metallurgy route.

2.	M ethodology

Elemental powders of aluminium (particle size 
15-20 μm, purity > 99.9 %), tungsten (particle 
size 1-2 μm, purity > 99 %), titanium (particle 
size 100-150 μm, purity > 99.9 %) as shown in 
Figure 1a, 1b and 1c respectively were procured 
from M/s Alfa Aesar.

Ball milling of elemental W and Ti powders mixed 
in the desired proportion to yield W-20at.% Ti 
was carried out in a hardened steel (HS) vial with 
HS balls as the milling media. Prior to milling, 
the powders were loaded into the vial and sealed 
under a high-purity argon atmosphere provided 
by the glove box. For the milling, the ball-to-
powder ratio was kept at 5:1. The ball-milling 
was carried out on the SPEX 8000D high-energy 
ball mill for a duration of 6 hours. Grain size and 
phase analysis of milled powders were carried 
out using the X-ray diffractograms obtained 
with Cu Kα (λ= 1.54 A˚ ) radiation usinga Bruker 
D8 Advance X-ray powder diffractometer 
(Billerica, United States) operating with a 40 kV 
voltage and 30 mA current. The diffractograms 
were analyzed using the X’PertHighscore Plus 
software. The chemical composition of the 
milled powders was evaluated through Energy 
Dispersive Spectroscopy (EDS) technique on 

Fig. 1.SEM image of as-received particles of (a) Al,  
(b) Wand (c) Ti.

a ZEISS Field Emission Scanning Electron 
Microscope (FESEM). Composite of aluminium 
and 20 wt.% of the milled powderswas prepared 
by mixing the individual powders followed by 
cold compaction at 80 kg/cm2 pressure in a 10 
mm die and sintering at 650 °C for 1 hour in a 
vacuum atmosphere. For comparison purposes, 
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Fig. 2. SEM micrograph andelemental mapping of high energy ball milled W-Ti-Fe.

a composite of aluminium and pure tungsten 
was also produced in a similar fashion and this 
composite is hereafter referred to as Al-20W.
The density of the sintered composite pellets 
was determined and compared to the densities 
of their respective green counterparts. The 
sintered pellets were then sequentially ground 
with grinding papers (600 to 2000 grit size)
followed by polishing with diamond paste 
and colloidal silica to obtain a mirror finish. 
Subsequently, the samples were studied using 
a Leica DM I3000M inverted metallurgical 
microscope to determine the distribution of the 
reinforcement particles within the aluminium 
matrix. The phase and microstructural analysis 
of the sintered composites was also conducted 
using X-Ray Diffraction and scanning electron 
microscopy techniques. Hardness measurements 
were carried out on pure aluminium and the 

aluminium composite pelletsat a load of 50 
gf with a dwell time of 10 seconds using the 
Zwick-Roell (Indentec) microhardness testing 
equipment.

3.	R esults and Discussion

3.1	C haracterization of high-energy ball-milled 
	 powders

Although our intent was to synthesize W-20at.% 
Ti powders, the milled powders were found to 
be heavily contaminated with Fe introduced 
by the milling media during the high energy 
ball milling process. The energy dispersive 
spectroscopy (EDS) analysis of the milled 
powders suggested the presence of 29.4 at.% Fe 
in addition to 57.1 at.% W and 13.5 at.% Ti. Hence 
the ball milled powders are hereafter addressed 
as W-Ti-Fe powders. Figure 2 provides the 
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elemental distribution maps of W, Ti and Fe in 
the ball milled powders which clearly reveal the 
presence of a large amount of Fe alloyed with 
W and Ti.Figure 3 (a) and (b) provides SEM 
micrographs of the ball milled W-Ti-Fe powders. 
For comparison sake, we have included the 
SEM micrograph of the W powders in Figure 

Fig. 3. SEM micrograph of (a) finer and (b) coarser ball milled W-Ti-Fe particles  
(c) SEM micrograph of unmilledW particles.

3 (c). The SEM micrographs of W and W-Ti-Fe 
reveal that the W-Ti-Fe powder particles have a 
mix of coarse and fine particles whereas the W 
particles are by and large fine. The larger size of 
the particles of W-Ti-Fe are probably due to cold 
welding of powder particles brought about by 
the high energy ball milling process. 

The XRD pattern obtained from W-Ti-Fe is shown 
in Figure 4.  The XRD pattern suggests that Ti 
and Fe are dissolved in the W matrix to form a 
single phase solid solution. The Williamson-Hall 
method was used to evaluate the grain size of 
the W-Ti-Fe and the same was found to be 7nm. 

For comparison sake, the XRD pattern captured 
from W powders is also included in Figure 4. The 
sharp peaks of W in its XRD pattern suggests 
that the powder does not have a nanocrystalline 
structure. 
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Fig. 4. XRD patterns of high energy ball-milled W-Ti-Fe 
and as-received W.

Fig. 5. Optical micrograph of (a) Al-20W and  
(b) Al-20WTiFe composites.

Fig. 6.  XRD graphs of  (a) Al-20W and (b) Al-20WTiFe 
composites.

Table 1. Green and sintered density of Al-20W and Al-
20WTiFe

Optical micrographs of the Al-20W  and Al-20W 
TiFe composites are shown in Figure 5a and 5b, 
respectively. In Al-20W, the brighter regions 
belong to the aluminium and the grey regions 
are the tungsten rich reinforcement regions. 
The black spots are the pores. Similarly, in the 

SEM-EDS analysis of Al-20W and Al-20W TiFe 
composites was carried out to understand the 
distribution of elements within the composite. 
The SEM image of Al-20W shown in Figure 7 
(a) shows darker regions (Region-1) and bright 
cluster regions (Region-2). Region-1 is pure-

3.2	C haracterization of sintered composites

The green and sintered densities of the 
composites of Al-20W and Al reinforced with 
20 wt.% of W-Ti-Fe (hereafter referred to as 
Al-20WTiFe)were determined and the same is 
reported in Table 1. As shown in Table 1, there 
is an increase in the density of the compacts 
following sintering. However, near theoretical 
densities were not achieved. This implies that 
the sintering temperature and duration was not 
sufficient to ensure complete densification.

Al-composites Green Density (%) Sintered Density (%) 

Al-20W 87 ± 1.5 94 ± 3 

Al-20WTiFe 87 ± 4 95 ± 1 

 

case of Al-20WTiFe, the bright and grey regions 
correspond to aluminium rich and reinforcement 
rich regions respectively. The XRD patterns 
obtained from Al-20W and Al-20WTiFe sintered 
composites are shown in Figure6a and 6b. Phase 
analysis reveals that in the case of Al-20W, the 
W reinforcement has reacted with the Al matrix 
to form Al12W intermetallic compound. Also, in 
the case of Al-20WTiFe, the small-sized W-Ti-Fe 
particles have reacted with the Al matrix to form 
Al12W. However, the larger particles of W-Ti-Fe 
seem to have not converted fully into Al12W as 
is evident from the XRD peaks of the residual 
W-Ti-Fe seen in Figure 6b. 
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Alandregion-2 corresponds to Al12W. All the 
W particles were found to convert into Al12W 
during sintering at 650°C. Chen et al. [28] and 
Zhang et al. [29] respectively reported formation 
of Al12W at  560°C and 550°C for sintering carried 
out for a duration of 1 hour. Similarly, Ding et al. 
[30] reported its formation at 680°C during solid-
liquid reaction millingof Al and W powders for 
24 hours.

In Figure 7 (b) the backscattered electron image 
(BSE) of Al-20WTiFe is provided. The SEM 
micrograph depicts bright regions bearing an 
elemental composition of 56.54 at.% W, 13.30 
at.% Ti and 21.48 at.% Fe. These regions basically 
correspond to unreacted W-Ti-Fe. On the other 
hand, the greyish regions are Al12W intermetallic 
compounds bearing an elemental composition of 

Fig. 7. SEM images of (a) Al-20W and (b) Al-20WTiFe 
composites.

Fig. 8. Elemental mapping of (a) Al, (b) W, (c) Ti and  
(d) Fe in  Al-20WTiFe composite.

92.12 at. % Al and 6.89 at. % W. The dark regions 
belong to the Al matrix. A few needle-like 
structures,distributed within the matrix, are also 
observed and these are primarily Ti rich and Fe 
rich regions. This is validated from the elemental 
maps shown in Figure 8. This implies that these 
elements have diffused out of the W-Ti-Fe system 
during the sintering process. The outward 
diffusion of Ti and Fe is particularly higher in 
the case of smaller particles of W-Ti-Fe. Some of 
the larger particles of W-Ti-Fe had an unreacted 
core which indicates that the duration chosen for 

sintering was not sufficient for complete reaction 
of Al with W-Ti-Fe particles. In the case of the 
Al-20W composite,the smaller W particles with a 
higher specific surface area cause rapid reaction 
between the Al and W particles leading to the 
formation of Al12W. 

Microhardness values of Al rich region in Al-20W 
and Al-20W TiFe were found to be 84 ± 20VHN 
and 102 ± 18VHN respectively, which is much 
higher than the average hardness of nominally 
pure Alat 30 ± 3 VHN asshown in Figure 9.In the 
case of the Al-20W composite, the high hardness 
of the Al rich region is primarily due to the 
formation of the hard Al12W intermetallic which 
is known to exhibit a hardness of about 800 
VHN. On the other hand, the higher hardness 
of the Al rich region in the Al-20WTiFe matrix 
could be due to the presence of the hard W-Ti-Fe 
reinforcement in addition to the formation of the 
hard Al12W intermetallic. Future work can focus 
on studying the characteristics of the W-Ti-Fe 
phase and the phase transformations the system 
is undergoing during sintering.
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Fig. 9. Microhardness values with indentation images of 
Al-20W and  Al-20WTiFe composites.

4.	C onclusion

•	 Nanocrystalline W-20 at.% Ti was attempted 
to produce in a high energy ball mill for 
a duration of 6 hours. However, due to 
contamination of Fe from milling media, 
we ended up with nanocrystalline W-Ti-Fe 
powder with a grain size of 7 nm. 

•	 Al-20W and Al-20WTiFe metal matrix 
composites weredeveloped using the 
conventional press and sinter method.

•	 In both the composites upon sintering at 
650°C for 1h, Al12W intermetallic compound 
wasfound to form.

•	 In Al-20W, all W was converted to Al12W 
intermetallic compound. However, in Al-
20WTiFe, unreacted W-Ti-Fewas observed in 
the core of the particles. This was due to the 
coarser particle size of W-Ti-Fe vis-à-vis the 
W particles.

•	 The hardness of the Al rich regions in Al-
WTiFe and Al-W composites were observed 

to be 102 and 84 VHN respectively which is 
higher than that of pure Al at 30 VHN.
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I.	I ntroduction:

Alumina ceramic powder is one of the most 
commonly used ceramic in various application 
for example in grinding media, in cutting tools, 
in crucibles owing to itsattractive properties like 
high melting point, high wear and corrosion 
resistance, high mechanical strength and 
reasonably high thermal conductivity. Though, 
it is avery cost effective commercially available 
ceramics; nevertheless, for most industrial 
application, the strength, toughness and hardness 
of alumina are not sufficient. Enormous efforts 
have been made by researchers to enhance these 
properties by dispersion of hard particulatessuch 
as borides and carbides inside alumina 
matrix [1,2]. Moreover, addition of these hard 
particulates having high thermal conductivity 
can influence the thermal conductivity of alumina 

Abstract: In this work, the effect of ZrB2 addition on thermal conductivity of alumina ceramic has been studied. 
The dispersing phase ZrB2 has been varied from 5wt% to 30wt% in alumina matrix. All composition has been 
densified by vacuum hot pressing. ZrB2 powder was prepared inhouse by carbothermic reduction of ZrB2 in 
presence of B4C. The median particle sizes of Al2O3 and ZrB2 were 4.4 μm and 12 μm respectively. For all 
compositions, powders were wet mixed in planetary ball mill using alumina balls and ethanol. The powder 
mixture was hot pressed simultaneously in multi-cavity die under vacuum at 1600oC,1h. Thedensityof the hot-
pressed blocks was measured by water displacement method and the sintered density was measured to be in range 
of 92 to 96% of the theoretical density. No significant weight loss was observed even after hot pressing indicating 
stability of the diboride phase after the consolidation in vacuum. XRD analysis also confirmed stability of 
ZrB2 phase in the hot-pressed composite. Thermal diffusivity was measured by laser flash method and thermal 
conductivity was evaluated from this.The microstructural features were investigated by SEM-EDS. The thermal 
conductivity variation as a function of ZrB2 content have been investigated and correlated to microstructural 
data.

Keywords: Alumina, Zirconium Diboride, Composite, Thermal Conductivity, Laser flash method.

also along with the mechanical properties [4,5]. 
In the present paper, the effect of ZrB2 addition 
on thermal conductivity of Alumina ceramic has 
been studied. ZrB2 is a leading UHTC material 
due to its unique combination of properties viz. 
high melting temperature, chemical stability, 
high electrical and thermal conductivity, high 
hardness and high corrosion resistance [3,6]. 
The aim of the study is to overview the effect 
of different weight percent of ZrB2 on thermal 
conductivity of composite and its correlation 
with microstructural data. 

II.	E xperimental Procedure:

1.	S taring powder:

The composite powder sample was prepared 
from commercially available Al2O3 powder 
(purity 99.9%) and in house prepared ZrB2 
powder (Purity 99.5%). ZrB2 powder was 
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prepared by carbothermic reduction of ZrO2 
in presence of B4C [8,9]. The median particle 
sizes of Al2O3 and ZrB2 were measured by laser 
diffraction method and was found to be 4.4 μm 
and 12 μm respectively.

2.	S ample Preparation and Hot-pressing:

3.	 In order to prepare the composite mixture, 
the stochiometric amount of the powders were 
mixed on roller mill in polypropylene bottles 
for 6 hrs using alumina grinding media. The 
mixed powders were then hot pressed in multi-
cavity graphite die at 1600oC for 1h. The X-ray 
diffraction pattern of the hot-pressed pellets 
were taken using XRD(INEL XRG3000, France). 
The X-ray source was CuKα radiation having 
λ=1.54Ao and the data was acquired at 30mA 
current and 40 KV voltage. 

4.	S ample Characterization:

4.1	D ensity and microstructure:

The bulk density of the composites was measured 
using Archimedes fluid displacement method 
and water was used as the fluid for displacement. 
Theoretical density of each composite was 
estimated by rule of mixture approach using 
densities of pure components ρ(Al2O3) =3.99g/
cm3 CC and ρ(ZrB2) =6.09g/CCcm3. 

ρ(Composite)= w(Al2 O3) .ρ(Al2 O3 ) w(ZrB2 ) .ρ(ZrB2) 
………………………………….(1)

Where, w=weight fraction

Microstructure and distribution of second phase 
ZrB2 in alumina matrix was studied using SEM 
(Zeiss EVO 18 MA) coupled with EDS (Oxford 
Xmas80)system .system. All the samples were 
coated with gold using a sputter coated to make 
the sample surface conducting.

4.2	 Specific Heat:

The temperature dependent specific heat 
capacity data of the staring powders were taken 
from NIST JANAF thermochemical tables[13].
The specific heat capacity of the composites was 
calculated by mass averaging the specific heat 
capacity data of the starting powders following 
the kopp-Neuman rule [10].

CP =w(Al2 O3 ).CP (Al2 O3 )+ w(ZrB2 ).CP (ZrB2 ) 
………………………………………...(2)

Where, w= weight fraction

4.3	T hermal Diffusivity:

Thermal diffusivity of the samples ~10mm in 
diameter and thickness between 1 to 2 mm was 
measured using laser flash method (Lensies Laser 
Flash Thermal ConstantAnalyzer LFA1000). 
Both sides of the samples were coated with thin 
layer of graphite before the experiment in order 
to enhance the laser absorption on the front 
surface and improve the detection from the back 
surface of sample.Further in this method, the 
sample of ~10 mm diameter disc was subjected 
to a specific power pulse from a Nd:YAG laser in 
vacuum. The energy absorbed by the specimen 
on the front surface results in temperature rise of 
the rear surface of the sample. The resulting rise 
in temperature on the rear surface is recorded by 
apeltier cooled IR detector. 

Fig. 1 : Laser Flash method scheme.



TRANSACTIONS OF PMAI, VOL. 48, JUNE-DECEMBER 202360

Thermal conductivity of Alumina - Zirconium diboride composite

The thermal diffusivity values were calculated 
using following formula:

α =                      ..............…………………….(3)

Here, α is thermal diffusivity, L is thickness of 
specimen, and t1⁄2 is the half time required to 
reach the maximum rise in temperature. 
Thermal diffusivity measurement was done 
from RT to 600oC, at 50oC interval. At each 
temperature three consecutive measurements 
were done and average value was calculated.

4.4	T hermal Conductivity:

Thermal conductivity,λ was calculated using the 
following formula:

λ= α . ρ . Cρ ……………………………….…...(4)

Where, α is measured thermal diffusivity, ρ 
is measured density of composite and Cpis 
calculatedspecific heat capacity data of the 
composites.

III. Result and Discussion:

1.	P hase stability: Figure 2 shows theX-
ray diffraction pattern corresponding to all 
the composites corresponds to alumina and 
zirconium diboride phase and hence confirms 
the phase purity of the composites. X-ray peak 
intensity is decreasing with increasing the ZrB2 
content, this may be an indication of porous 
microstructure.

2.	D ensity and microstructure:

The composition of all the composites, their 
measured and relative density is listed in 
Table 1. Density of composites was found to be 
decreasing with increasing weight percent of the 
ZrB2 phase. 

Fig.2: XRD patterns of Al2O3-(5-30) wt% ZrB2 composites 
hot pressed @1600oC,1h.

(Here, * is Al2O3 phase and # is ZrB2 phase)

Table 1: Composition and density of hot pressed Al2O3-
ZrB2 composite pellets.

0.13879L2

t1⁄2

Sample ID Compositions Theoretical 
Density (g/cm3) 

Density(g/cm3) Relative 
Density (%) 

Al2O3 ZrB2 

Al2O3 100 0 3.99 3.88 97% 
Al-5ZB 95 05 4.09 3.98 97.2% 

Al-10Zb 90 10 4.20 4.06 96.6% 
Al-15Zb 85 15 4.30 4.04 94.5% 
Al-20Zb 80 20 4.41 4.01 91% 
Al-25Zb 75 25 4.51 4.00 88.6% 
Al-30Zb 70 30 4.62 4.18 90.5% 

Fig 3 is showing the microstructure of the 
composite and distribution of the ZrB2 phase 
in alumina matrix.  The microstructure data 
corroborate with the density data and porosity 
can observed in microstructure.  The back 
scattered electron micrographs (BSE) of the 
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composite samples showed homogenous 
distribution of the ZrB2 phase in alumina matrix. 
Here the bright phase corresponds to the ZrB2 
phase and dark phase corresponds to the Al2O3. 
The ZrB2 particlesize has decreased from the 

Thermal conductivity of Alumina - Zirconium diboride composite

staring initial particle size of 14μm to ~2-3μm. 
As the ZrB2 weight percent was increased in the 
composite, the interconnectivity between the 
ZrB2 particles was increased resulting in good 
networking.

Fig. 3A:(a) SEM and (b) Electron back scattered image of Al2O3-5wt%ZrB2 compact hot-pressed in vacuum at 1600oC, 1 h.

Fig. 3B:(a) SEM and (b) Electron back scattered image of Al2O3-10wt% ZrB2compact hot-pressed vacuum at 1600oC, 1 h.

Fig. 3C:(a) SEM and (b) Electron back scattered image of Al2O3-15wt%ZrB2compact hot-pressed vacuum at 1600oC, 1 h.
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3.	T hermal Conductivity:

Figure 4 shows the thermal conductivity 
variation in Al2O3-ZrB2 composites with 
varying the ZrB2 weight percent. ZrB2 is high 

Thermal conductivity of Alumina - Zirconium diboride composite

Fig. 3D:(a) SEM and (b) Electron back scattered image of Al2O3-20wt%ZrB2compact hot-pressed vacuum at 1600oC, 1 h.

Fig. 3E:(a) SEM and (b) Electron back scattered image of Al2O3-25wt%ZrB2compact hot-pressed vacuum at 1600oC, 1 h.

Fig. 3F:(a) SEM and (b) Electron back scattered image of Al2O3-30wt%ZrB2compact hot-pressed vacuum at 1600oC, 1 h.

thermal conducting ceramic known for UHTC 
applications and its addition should enhance 
the thermal conductivity of the alumina matrix 
composite and clearly it can be seen that all 



TRANSACTIONS OF PMAI, VOL. 48, JUNE-DECEMBER 2023 63

Thermal conductivity of Alumina - Zirconium diboride composite

composites have thermal conductivity values 
more than that of pure alumina.

But the thermal conductivity data of the 
composites does not follow the expected trend 
with increasing the concentration of ZrB2. This 
can be explained based on the role of three factors, 
which are, role of high thermal conductive phase 
addition, role of porosity and role of percolation 
effect.

Role of high thermal conductive phase addition 
in all the composites and role of percolation effect 
with high quality networking of ZrB2 phase in 
composites with 25-30 wt% ZrB2 can be clearly 
seen in increasing the thermal conductivity of 
the composites. But since all the composites 
are not equally dense, role of porosity can be 
commented only after porosity correction in next 
section. 

4.	P orosity Correction:

Since all the composites presented here in 
the study are not fully dense and porosity 
ranges from 3% to 11%, therefore, the thermal 
conductivity data does not reflect the trend in 
the increase in thermal conductivity values with 
the increase in high thermal conducting ZrB2 
phase. Therefore, all thermal conductivity data 
presented here were corrected with respected to 
porosity via the following exponential relation 
[11]:

Here, k is thermal conductivity of the porous 
material, kois thermal conductivityof dense 
material and φ is percent porosity in the sample. 
This exponential factor has been derived by a 
functional equation approach and shows full 
analogy in elastic properties [12]. 

Figure 5A is showing the thermal conductivity 
data of the composites after the porosity 

Fig 4A: Thermal Conductivity variation in Al2O3-ZrB2 
composites with varying the ZrB2 weight percent.

Fig 4B: Thermal Conductivity variation in Al2O3-ZrB2  
composites at RT, 300oC and 600oC 
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Fig 5A: Thermal Conductivity variation in Al2O3-(0-
30wt%)ZrB2 composites considering porosity correction.

Fig 5B: Porosity corrected TC variation in Al2O3-(0-30wt 
%) ZrB2 composites at RT, 300oC and 600oC. 

correction using the above exponential correction 
factor. The trend in thermal conductivity data 
is same as the data without correction and but 
the values have increased. After correction, 
the overlapping data for the composite with 
10wt% and 20wt% ZrB2 has got separated and 
is following the expected increasing trend in 
thermal conductivity with increase in weight % 
of high thermal conductive phase in matrix. 

Figure 5B is showing the porosity corrected 
thermal conductivitydata of the Al2O3-(0-30wt 
%) ZrB2 composites at RT, 300oC and 600oC. This 
figure is showing that the data corresponding 
to composite with 15wt% ZrB2 is still following 
the same trend as before. This can be due to the 
reason that upto this composition the porosity 
values are in the range from 97% to 94.5%, that 
is within 2.5% and role of porosity is dominated 
by the role of high thermal conductive phase 
addition. But in later composition with 20wt% 
ZrB2, role of porosity is observed, but it is again 
surmounted by the percolation effect of second 

phase in the matrix and hence enhancing the 
thermal conductivity of the samplesfurther with 
even higher porosity values.

IV. Conclusion:

Al2O3-ZrB2 composites with varying ZrB2 wt% 
have been synthesized by vacuum hot pressing 
@1600oC, 1h. Uniform distribution of ZrB2 
phase in alumina matrix have been obtained in 
all composites. In BSE image, high networking 
of ZrB2 particles was observed. Thermal 
conductivity of all composite compositions was 
found higher than the thermal conductivity 
of alumina. The thermal conductivity values 
of the composite have first increased with 
increase in high thermal conductive ZrB2 wt% 
phase addition then decreased following the 
role of porosity and finally increased due to 
high networking of ZrB2 particles resulting in 
thermal percolation behavior.Porosity correction 
using the exponential correction factor has 
shown increase in thermal conductivity values 
following the same trend as before correction. 
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Graphical Abstract:

Abstract: The aim of present work is to improve the wear performance of virgin PA6 polymer by two different 
approaches; one is by reinforcing graphite into the matrix and other is by cryogenically treating the material. The 
graphite contentreinforced in the PA6 matrix is initially optimized for maximum improvement in wear performance. 
From 1, 2, 5, 10 and 15 wt.%, it is observed that PA6 composite reinforced with 5 wt.% graphite gives maximum 
wear enhancement of ~18%. The increasing graphite content tends to deteriorate the wear performance owing to 
agglomeration and subsequent rapid removal of material. Moreover, virgin PA6 and PA6 composite reinforced with 5 
wt.% graphite is cryogenically treated at -185°C for 12 hours and their wear performance comparedin both untreated 
and cryo-treated conditions. When virgin PA6 is cryo-treated, the specific wear rate improved by ~14%, while the PA6/
graphite compositereflects ~31% improvement. This can be attributed to the densification of polymeric chains after 
cryogenic treatment which helps to arrest the tearing of material from the surface during abrasive wear conditions. 
FTIR analysis confirms this claim byreflecting the restriction of PA6 chain ends and branching groups after cryogenic 
treatment as well as after addition of graphite, thereby making the matrix dense. It is summarized from FTIR that 
the changes experienced by PA6 matrix after the treatment are dominant and thus, both cryo-treated virgin PA6 and 
its composite exhibit similar cryo-structural modifications. The SEM analysis of the worn-out surface also supports 
the specific wear rate results and provides a visual indication of reduction in the severity of wear before and after the 
treatment.Thus, it is concluded here that graphite reinforced PA6 gives better wear performance as compared to virgin 
PA6 and thus, it can be advocated as its replacement in wear prone applications. An added benefit, not only in the terms 
of enhanced wear performance but also with an aim of getting a durable material with good structural integrity, can be 
achieved by cryogenically treating the PA6/graphite composite, which shows ~44% better wear than untreated virgin 
PA6 polymer. The present manuscript concludes by superimposing the cryo-treated PA6/graphite composite on the 
Ashby diagram for better understanding.

Keywords: Cryogenic treatment; Polyamide 6; Graphite; Wear performance; Ashby diagram.
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1.	I ntroduction

Polyamide 6 (PA6, also known as Nylon 6) is 
a popular engineering polymer having high 
strength, good durability and mechanical 
damping capacity. PA6 also exhibits good wear 
performance and is widely used in wear prone 
applications like gears, bearings, screws, shaft 
sleeves, machine guards, seals, chain guards, 
rotor slot wedges, track plates, etc. [1]. However, 
under extensive mechanistic situations, PA6 
loses its structural integrity and this can lead to 
rapid wear of the component. It is well-known 
that reinforcing a high strength filler into the 
polymer matrix imparts good mechanical 
properties to the composite. The use of graphite 
as filler is very common. Even for PA-6, graphite 
has proven to be a beneficial filler. Srinivas et al. 
[2] reported the fabrication of graphite reinforced 
PA6 composite by melt-compounding technique. 
From graphite weight contents of 10, 15, 20, 25 
and 30 %, they report maximum improvement 
in the wear resistance and coefficient friction 
for 25 wt.% graphite. This reduction in specific 
wear rate and coefficient of friction is by ~80% 
and ~20%, respectively. Satheeskumar and 
Kanagaraj[3] explored the mechanical properties 
of graphite reinforced PA6 with additions from 
5 to 40 wt.%. With 20 wt.% graphite, the impact 
strength of the composites increased by ~35%, 
wear rate by ~76% and tensile strength by ~16%. 
This was attributed to uniform distribution 
of the filler and strong bonding between filler 
and matrix. Additionally, it was observed for 
this composite that the elongation decreased 
marginally owing to the hardening of the matrix 
due to the presence of graphite particles. The 
strong filler tends to reinforce into the matrix 
well, but due to good interfacial interaction 
between the filler and matrix, the crystallinity of 
the composite increases and leads to an increase 

in hardness [3]. This collectively improves 
mechanical strength and wear resistance, 
however, at the expense of the elasticity of the 
material.

In another study, Satheeskumar and Kanagaraj[4] 
again explored the wear performance of 
graphite reinforced PA6 composite. They report 
maximum improvement in the wear arte for 
20 wt.% graphite addition. Furthermore, they 
also highlight the effect of filler loading on the 
surface roughness of the worn-out sample. They 
observed that after the addition of graphite the 
roughness of the composite worn-out surface 
is less than virgin PA6 surface by ~15%. This 
was credited to the formation of a wear layer 
that lowers the abrasive action of the counter 
face during wear testing. The graphite is a 
well-known dry lubricant and, hence, as the 
wear layer is formed on the counter face, the 
good lubricity effect will ultimately reduce the 
severity of the abrasive conditions and lead to 
reduced surface roughness[4]. Thus, owing to 
its lubricating properties, graphite reinforced 
polymer composites are good candidates for 
tribological applications. 

Furthermore, in order to improve the wear 
performance, cryogenic treatment has also 
proven to be an effective technique for various 
polymers and composites. It has gradually 
been established as a process to enhance 
the mechanical properties, specifically 
wear resistance, of polymeric materials by 
incorporating positive bulk structural changes. 
Pande et al. [5] explored the cryogenic treatment 
of Polytetrafluoroethylene (PTFE) at -80, -140 
and -185°C for various soaking periods of 4, 8, 
12, 16, 20 and 24 h. The change in % crystallinity 
and crystallite size was found to be the most 
influential parameter resulting in improved 
wear performance of PTFE. In another study, 
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Pande et al. [6]reported the cryogenic treatment 
of PA6 to improve its mechanical properties. 
Similar to PTFE, increase in % crystallinity was 
found to be the most important parameter. 
Modifications in the structure, conversion of 
less stable phases into more stable phases and 
formation of complex phases was reported to be 
other influencing parameters for enhancement 
in the wear properties. In both the studies, 
cryogenic treatment at -185°C for 12 h of soaking 
period was found to be optimum. A recent 
work by our team on the cryogenic treatment 
of Ultra-high Molecular Weight Poly-ethylene 
(UHMWPE)[7] reports that the cryogenic 
treatment temperature and time is significantly 
dependant on the polymer chemistry and 
structure. For UHMWPE, instead of -185°C, the 
optimum process temperature was found to be 
-140°C for 12 h of soaking period. 

There are many reports that prove cryogenic 
treatment to be equally effective in improving the 
mechanical properties of polymer composites. 
Damdhar et al. [8] explored the possibility of 
cryogenically treating the PTFE-Mica composite 
coatings used in cookware. They report ~40% 
improvement in the wear resistance of the 
composite coating after treatment at -185°C for 
12 h. When field tested, the same cryo-treated 
cookware performed better in the non-stick test 
and adhesion test for utensils. In a different study 
by our team, the fibre and particulate reinforced 
Polybutylene terephthalate (PBT) composites 
were cryogenically treated at different 
temperatures and soaking period [9]. The wear 
performance of both glass-fibre reinforced 
and wollastonite reinforced PBT composites 
increased by ~84% and ~96%, respectively for 
cryogenic treatment at -185°C for 8 h. Another 
work by our team reported similar findings 
for polymer nano-composites[10], wherein the 

enhancement in the structure and properties is 
largely governed by the polymer matrix and the 
interfacial interaction between the filler and the 
matrix. This behaviour was observed in both 
PBT and PA6 reinforced with Multi-walled 
Carbon nanotubes (MWCNTs). 

Thus, with numerous successful studies by our 
team on the cryogenic treatment of different 
polymeric materials, the aim of present work 
is to improve the wear performance of PA6 by 
two different approaches; one is by reinforcing 
graphite and other is by cryogenically treating 
the material. With reference to previous reports 
on enhancements in the mechanical properties 
of cryo-treated PA6 and composites [6,10]; the 
same treatment parameters of -185°C and 12 
h are explored herein for graphite reinforced 
composites.

2.	E xperimental Details

2.1	M aterials and Sample Fabrication

The PA6 polymer was procured in the form of 
granules (Grade: Gujlon M28RC, Density: 1.13 
g/cm3) from GSFC, Gujarat. The graphite was 
received from Matverse Vision Pvt. Ltd., Nagpur 
in powder form (Degree of graphitization: min. 
96% C, Moisture content: 0.5-1%, Mean particle 
size d50 ~ 4-10 μm, Density: 2.2 g/cm3). The 
graphite powder was mixed with PA6 granules 
in fixed amounts of 1, 2, 5, 10 and 15 wt% by 
melt-compounding technique.

Prior to compounding, the graphite powder 
was mixed with PA6 in required quantities 
and the mixture dried at 80°C in an air oven for 
4 h to minimize the effects of moisture. Only 
PA6 granules was also subjected to the same 
procedure to ensure similar thermal history. The 
melt compounding was done with a 25 mm single 
screw extruder (Make: M/s Boolani Engineering 
Corporation) with four heating zones set at 210, 
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230, 240 and 250°C. The extruded strands from 
the extruder were then allowed to cool in a water 
bath and palletized by the wire cutting unit 
(Make: M/s Boolani Engineering Corporation). 
Thepellets were then injection moulded as per 
ASTM specifications in a hydraulic injection 
moulding machine (Make: Electronica, Model: 
Optima 75–128) at a constant injection pressure 
of 90 bar and injection temperature of 250-260°C. 
The samples fabricated by this process are listed 
in Table 1 along with their used nomenclature.

2.2	C ryogenic Treatment

Based on the pilot experimentation, the graphite 
content was finalized to 5 wt.%. Both virgin PA6 
and 5 wt.% graphite reinforced composite were 
then cryogenically treated using liquid nitrogen 
at -185°Cfor a soaking period of 12 h in the 
cryostat (Self-fabricated, Cooling rate: 2°C/min, 
Max. temperature capacity: -196°C). The treated 
samples were then allowed to attain room 
temperature gradually in an insulated box. The 
structural and mechanical properties of all the 
untreated and cryo-treated samples were then 
compared for further study.

2.3 Mechanical and Structural Characterization

The wear performance of the samples was 
evaluated on a pin-on-disc wear tester (Make: 
Magnum Engineers, Bangalore) using load: 40N, 
track diameter: 80 mm, speed: 300 RPM and 
time: 10 min. The pins with dimension 10 mm × 

Table 1 Sample details and Sample codes used
Sr. 

No. 
Sample composition 

Cryogenic treatment 

parameters 

Sample 

Code 

1 Virgin PA6 

Untreated
 

P 

2 PA6 + 1 wt.% graphite G1 

3 PA6 + 2 wt.% graphite G2 

4 PA6 + 5 wt.% graphite G5 

5 PA6 + 10 wt.% graphite G10 

6 PA6 + 15 wt.% graphite G15 

7
 

Virgin PA6
 

Treated at -185°C for 12 h  

PC
 

8 PA6 + 5 wt.% graphite G5C 

10 mm × 30 mm were used for experimentation 
purpose and abraded against SiC paper(grade 
320) as counter-face. Three test results were 
averaged for each type of sample and then 
reported. The hardness of the samples was 
measured in Shore D hardness scale using a 
Shore hardness tester (Make: STECH Engineers) 
according to ASTM standard D-2240 at test load 
of 4.5 kgs. Ten hardness values were averaged 
and then reported. The changes in the structure 
of PA6and its composite, before and after 
cryogenic treatment, was determined using FTIR 
spectrometer (Make: Shimadzu, Model: FTIR 1-S 
Affinity) for wavenumber range 400-4000 cm-1. 
The samples were scanned with an attenuated 
total reflection (ATR) unit using single crystal 
Diamond probe with 45 runs.The morphology 
of the graphite powder and the worn-out 
surfaces of the samples were investigated by 
FE-SEM (Make:JEOL, Model: JSM-7610F). Prior 
to electronmicroscopy; the sample surfaces were 
sputter-coated with a thin platinum layerusing 
auto-fine coater (Make: JEOL, Model: JEC-
3000FC) to make thesurfaces conducting for 
obtaining images. 

3.	R esults & Discussion

3.1	P ilot Experimentation

The pilot experimentation was carried out 
to optimize the graphite content reinforced 
in PA6 matrix for achieving enhanced wear 
performance. Fig. 1(a)shows the graphs of 
specific wear rate (SWR) and Shore D hardness 
of all the PA6/graphite composites, while Fig. 
1(b) and (c) shows the graphite flakes used to 
prepare the composite in powder form.It is clear 
from the SWR values that the reinforcement 
of graphite into the PA6 matrix has a positive 
effect. The wear of the composites reduces 
with the incorporation of graphite, however, 
till 5 wt.% only. This reduction is ~18% for G5 
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Fig. 1 (a) Specific wear rate of PA6/graphite composites, 
(b) SEM image of graphite flakes used, (c) Magnified 

image of graphite flakes 

composite. Further, as the graphite content 
increases to 10 and 15 wt.%, the SWR increases 
marginally and is similar to that of virgin 
PA6. Similar behaviour is reported in many 
studies as well [11,12]. This behaviour of the 
composites has been credited to the interaction 
between graphite and PA6 matrix. For lower 
loadings, the graphite is dispersed uniformly 
throughout the PA6 matrix. However, as the 
graphite content increases, the agglomeration 
of graphite particles into the matrix increases. 
During abrasive wear of the samples, as the large 
sized chunk of the agglomerates is pulled out of 
the sample surface, it tears out more material 
from the surface [13]. This reflects as increased 
wear in the samples. The Shore D hardness of 
the composites was also evaluated and found 
to be in the range of 84±1.2 for samples P, G1, 
G2 and G5. However, it was noteworthy to see 
that the hardness increase lightly to 86±0.7 Shore 
D for G10 and G15 composites. This indicates 
towards the fact that incorporation of graphite 
in small quantities does not affect the hardness 
of the composites significantly, however, as the 
graphite content increases to 10 wt.% and then 
to 15 wt.%, there is a marginal increment in 
hardness. This can be credited to the presence 
of hard graphite particles and the agglomerates 
present in the composite. Thus, it is concluded 
from pilot experimentation that 5 wt.% 
graphite is advantageous in increasing the wear 
performance of PA6 polymer and G5 composite 
is considered for further studies on cryogenic 
treatment.

3.2	C ryogenic Treatment of PA6 and Graphite 
	C omposites 

The samples P and G5 were cryogenically 
treated at -185°C for 12 h and their SWR and 
Shore D hardness are illustrated in Fig. 2(a) and 
(b), respectively.It is clear from Fig. 2(a) that 

the wear performance of the material improves 
on cryogenic treatment, as reported by many 
[7–10,14–17].In case of virgin PA6, the SWR 
reduces from 4.26x10-4 mm3/N-m to 3.65x10-4 
mm3/N-m. While, for G5 it goes from 3.49x10-4 
mm3/N-m to 2.4x10-4 mm3/N-m after cryogenic 
treatment at -185°C for 12 h of soaking period. 
The objective of present work was to explore 
ways to enhance the wear performance of PA6 
polymer. Thus, it can be seen here that when the 
virgin PA6 is reinforced with 5 wt.% of graphite, 
the wear performance enhances by ~18% (P to 
G5), whereas, when it is cryogenically treated, 
the wear of virgin PA6 improves by ~14% (P 
to PC). On the other hand, while incorporation 
of graphite imparts good wear performance 
to PA6, the cryogenic treatment of the PA6/
graphite composite itself reflects an increment of 
~31%(G5 to G5C), which is approx. ~44% more 
than untreated virgin PA6 (P to G5C). Thus, 
the sample G5C can be advocated to replace 
virgin PA6 where superior wear performance 
is desired, as the synergistic advantage of 
reinforcing graphite in the PA6 matrix and then 
cryogenically treating the composite is evident 
from Fig. 2(a). 
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Fig. 2 (a) Specific wear rate, (b) Shore D hardness of PA6 and its Graphite composite before and after Cryogenic 
Treatment

The Shore D hardness of the samples are 
illustrated in Fig. 2(b). The values represented 
in the graph are average of multiple readings. 
Hence, even though the hardness seems to 
be increasing for virgin PA6 after cryogenic 
treatment, the standard deviation for both P 
and PC overlap. There are previous studies 
which report ~10-15% increase in the hardness 
of virgin PA6 after cryogenic treatment at -185°C 
for 12 h [6,10]. However, it can be seen here that 
the hardness of PA6 remains unaffected by the 
treatment. Similarly, the hardness of the sample 
G5 remains more or less same after cryogenic 
treatment too. These results indicate that the 
semi-crystalline nature of the PA6 matrix does 
not change significantly after the treatment 
and hence the hardness values remain nearly 
similar.It is imperative to note here that even 
though the hardness of the PA6 and its graphite 
reinforced composite does not change after 
cryogenic treatment, the wear performance 
shows noteworthy improvement. The SEM of 
the worn-out surfaces, shown through Fig. 3(a) 
to (d), reflect a similar trend to that of SWR 
values shown in Fig. 2(a). The worn-out surface 
of untreated PA6 looks more damaged than the 

rest of the samples. The abrasion grooves on the 
surface are more deep and pronounced. After 
cryogenic treatment, the SWR of PA6 improves, 
albeit it still exhibits deep groves, as seen in Fig. 
3(b). The improvement in the wear performance 
of sample G5 reflects as a relatively smooth 
worn-out face as evident from Fig, 3(c). 

This improvement can be credited to the nano-
reinforcing effect of graphite as well its lubricating 
nature. Once the wear of the surface initiates, the 
formation of transfer layer and the presence of 
graphite particles between the contact surfaces 
creates a lubricating barrier which helps in 
reducing the SWR [18–21]. Cryogenic treatment is 
known to densify the polymeric structure, cause 
favourable chain realignment and strengthen 
the interface between polymer matrix and filler 
[9,10,17]. From the worn-out surface of the G5C 
sample, it can be seen that surface appears to be 
the least damaged amongst the samples. The 
presence of lubricating graphite particles and 
the positive structural changes in PA6 matrix 
brought about by the treatment can be credited 
for the enhanced wear performance, as seen 
from worn-out surface in Fig. 3(d) as well. In 
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Fig. 3 SEM micrographs of worn-out surfaces of samples 
(a) P (b) PC (c) G5 (d) G5C

Fig. 4 FTIR spectra of untreated and cryo-treated PA6 
and its graphite composite

order to investigate this, FTIR was done for PA6 
and its graphite composite, both untreated and 
cryo-treated, and the changes in their chemistry 
are compared. Fig. 4 shows the FTIR graphs of 
all the 4 samples in a comparative manner.

With reference to the previous literature [10,22–
24], following characteristics peaks can be 
assigned for virgin PA6 polymer under present 
study (sample P): N-H stretch at 3298 and 3082 
cm-1, asymmetric CH2 stretch at 2931 cm-1, 
symmetric CH2 stretch at 2860 cm-1, C-H stretch 
at 2335 cm-1, amide I C=O stretch at 1635 cm-1, 

amide II vibrations (combination of N-H bend 
and C-N stretch) at 1533 cm-1, cluster of CH2 

scissoring vibrations between 1460-1420 cm-1, 
C-H rocking at 1369 cm-1, C-N stretch in amine at 
1259 cm-1, multiple vibrations for C-C=O stretch 
in α-phase between 1200-1110 cm-1, cluster 
of multiple CH vibrations (stretch, rocking, 
bending, etc.) between 1080-800 cm-1, and C-H 
rocking at 723 and 680 cm-1. It was observed from 
the FTIR that cryo-treated PA6 reflects more or 
less same peaks, however with minor changes. 
A new peak appears in sample PC at 1442  
cm-1, indicating CH2 scissoring. Additionally, 
an upshift was observed in the positions of two 
peaks, viz. N-H stretch and C-H stretch. These 
peaks shift from 3298 cm-1 to 3330 cm-1 and 2335 
cm-1 to 2345 cm-1, respectively, in case of sample 
PC. This shift can be credited to the intrasheet 
bonding taking place in PA6,as reported in other 
studies [10,25–27]. During cryogenic treatment, 
as the PA6 material contracts physically, the 
polymer molecules move closer to each other. 
The shift in the energy of molecules and bonds 
lead to weak hydrogen bonding taking place 
in between the adjacent sheets of the polymer 
[9,10]. As the parallel sheets of molecules move 
closer to each other, the structure becomes 
dense, leading to the formation of longer chains 
arranged in a compact pattern. This molecular 
rearrangement imposes motion restriction on 
the branching chains, thereby reflecting as 
CH2 scissoring and a shift in the N-H and C-H 
stretching. A similar phenomenon is explained 
in detail in our previous studies [5,7–10,17], and 
thus, it can be concluded here that PA6 under 
present study also undergoes the same. 

In case of sample G5, even with the addition 
of 5wt.% graphite, it can be seen from the FTIR 
graph that the composite reflects maximum of 
the characteristics peaks of PA6. However, there 
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are few significant changes, such as downshift 
in the position of amide I C=O stretch from 
1635 cm-1 in P to 1629 cm-1 in G5. Additionally, 
a new peak appearsat 1737 cm-1 reflecting C=O 
stretch vibrations, which looks like a shoulder 
to the amide I C=O stretch peak at 1629  
cm-1. The appearance of such a C=O shoulder 
to a C=O peak and the shifting of amide I C=O 
peak indicates a disturbance in the structure of 
PA6 chains, which can be brought about by the 
physical presence of graphite particles and its 
bonding with the polymeric matrix. The bonding 
between graphite and PA6 can be confirmed by 
the upshifting of C-H stretch peak from 2335 
cm-1 to 2362 cm-1 and the disappearance of 
minor C-H vibrations from G5 sample, which 
were previously at 1076, 831 and 723 cm-1 in 
case of sample P.It is well known that the N-H 
end group and the C=O branch in the chain of 
PA6 are the potential sites for filler interaction 
[12,28–30]. The interaction of graphite with these 
chain end groups and branching groups will 
impose a physical motion restriction to the PA6 
chains, thereby disappearing the C-H vibrations 
in case of G5. Thus, the disappearance of these 
peaks indicates good extent of adhesion and/
or reactive coupling between PA6 and graphite.
Upon cryogenic treatment, G5C composite 
reflects a similar FTIR graph to that of G5 
composite, albeit many peaks reflecting CH 
vibrations in between 1120 to 700 cm-1 disappear. 
Additionally, 2 new peaks appear at 1965 cm-1 
and 1440 cm-1 reflecting C=O stretch and amide 
III C-N symmetry vibration, respectively. The 
response of G5C to cryogenic treatment is similar 
to that of sample PC, wherein the contraction 
of material at low temperatures will result in a 
dense structure having longer chains arranged in 
a compact pattern. In addition to these changes, 
the graphite particles which tend to bond with 
the PA6 chain end groups and branching groups, 

also experience contraction at low temperatures. 
The combined effect of molecular rearrangement 
of PA6 chains and the physical contraction 
of graphite particles causes vibrations in the 
bonds formed between them. As the bonding of 
graphite occurs at N-H group and C=O group, 
the appearance of these 2 new peaks is justified, 
resulting from the motion restriction imposed 
by the molecular rearrangement.Thus, it can be 
seen from the FTIR analysis that the structural 
modifications brought about by the cryogenic 
treatment of PA6 and PA6/graphite composites 
makes the material dense, stable and stronger as 
compared to untreated material. This ultimately 
reflects in the mechanical performance of the 
materials, thereby, supporting the enhanced 
wear resistance of the cryogenically treated PA6 
and PA6/graphite composite.  

4.	C onclusion

The aim of present work was to improve the 
wear performance virgin PA6 polymer by two 
approaches; viz. reinforcing with graphite and 
cryogenic treatment of the material. It can be 
concluded from the above results and discussion 
that both the routes prove beneficial to achieve 
enhanced wear performance. The incorporation 
of 5 wt.% graphite into PA6 matrix give ~18% 
improvement, while cryo-treated virgin PA6 
exhibits ~14% enhancement when treated at 
-185°C for 12 h. On the other hand, the cryogenic 
treatment of PA6/graphite composite itself at 
same parameters results in a substantial ~44% 
improvement in wear performance as compared 
to untreated virgin PA6 polymer. Thus, the 
present work advocates the use of cryogenically-
treated PA6/5 wt.% graphite composite instead 
of untreated virgin PA6 polymer for heavy 
tribological applications. Thus, the superior 
performance of cryo-treated PA6/graphite 
composite is represented by superimposing its 
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wear rate constant and hardness on the material 
selection Ashby diagram [31,32] for comparison 
with existing polymeric materials.
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1.	I ntroduction

Metallic composite called Metal Matrix 
Composites are fabricated by combining base 
metal or alloy matrix and reinforcement in 
the form of fibres, whiskers, particles. Usually 
mostly used metal matrix is aluminium and 
its alloy due to their properties like ductility, 
machinability, formability, low density with 
stiffness, wear resistant and load carrying 
capacity of reinforcement material. Among 
various reinforcement material SiC is usually 
used because of its high hardness, high corrosive 
resistance and low cost. Al/Sic metal matrix 
composites offers combined advantages such 
as high strength to weight ratio, high wear 
resistance. This material use in automobile 
industry, aerospace industry, defense industry 
[1].

AISI D2 die steel is high carbon, high chromium 
steel, having high wear resistance, good 
toughness and Compressive strength, good 
deep-hardening properties and resistance 

Abstract: Use of Al/Sic composites are increasing due to their owing properties like high hardness, high strength, 
low density, high wear resistance, high impact strength. It is used in many industrial fields like aerospace, 
automobile, electrical and structural applications.

WEDM process uses spark energy to remove the material, due to thermal process of material removal alteration 
happen at surface layer of base material called recast layer. Residual stresses are generated in this recast layer and 
heat affected zone which may affect the fatigue life of material.  For longer life residual stress generated in recast 
layer and heat affected zone should be as lower as. This paper focus on residual stress generation in Al/Sic metal 
matrix composite and dies steel and their comparison after WEDM. 

Keywords: WEDM, Residual Stress, Al/Sic Composite, fatigue life

to tempering. As it is good quality and 
high hardness material it is use for various 
applications like punching dies, blanking dies, 
forming dies, coining dies, etc.[2]

For machining hard material and complex 
shape with precision Wire Electro machining 
is widely used. In this machining process 
number of electrical sparks generated between 
two terminals normally workpiece as anode 
and wire as cathode in a dielectric medium 
and material is get removed from workpiece. 
The temperature developed by spark near 
machining surface is around 8000 0C to 12000 0C. 
The series of high temperature spark results in 
a noticeable phase transformation, at workpiece 
surface. The productivity of machining process is 
depend upon machining parameters, workpiece 
parameter and environmental condition. 
While machining any material a locally high 
temperature electric discharge created , which 
may cause change in mechanical as well as 
physical properties over machining surface and 
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also developed residual stresses in recast layer 
and heat affected zone. These residual stress 
may affect the fatigue life of the material and 
also creates some cracks or distortion near the 
surface. 

Bulent Ekmekci [3] As non-homogeneities of 
recast layer is increases residual stress increases 
at machining surface which may affect the 
fatigue strength  of material  and may results in 
micro cracks over the machined surface. Ahmed 
Naif Ibrahim et.al [4] studied the effect of type 
of electrode , peak current and pulse on time 
on the surface residual stress and observed that 
with copper and graphite electrode less tensile 
residual stresses reaches at pulse current 22 and 
pulse on time 120 μs. Bulent Ekmekci et. al  [5] 
Tensile residual stresses are produced by EDM 
.The maximum value of residual stress is almost 
equal to ultimate tensile strength of material. Then 
residual stress value falls down to compressive 
stress which depends on the thickness of material. 
J.P. Kruth et.al [6] observed that as number of 
finishing steps increasing residual stress and 
depth of penetration of residual stress decreases. 
F.Ghanem et.al [7] performed experiments on 
two hardenable steel X155CrMoV12 and C90 
and two non hardenable steel X2CrNiMo 17-
12-02 and X6Cr17 and studied the effect EDM 
process on this various material in terms of 
roughness, micro-hardness, residual stress and 
found that metallurgical transformation, surface 
hardening and residual stress are controlled by 
the type of material being used for machining. 
In case of non hardenable steel small growth 
of grain size in white layer were observed. A. 
G. Mamalis et.al [8] found that shot energy is 
responsible for intensity of residual stress and 
its penetration depth. Reza Bagherian Azhiri 
et. al [9] In presence of ultrasonic vibration 

Electro Discharge machining has done on AISI 
D2 steel and observed the effect of ultrasonic 
power, pulse on time, pulse off time, discharge 
current on MRR and surface roughness and 
residual stresses and result showed that pulse 
current and workpiece rotation have more effect 
on MRR and surface roughness and pulse on 
time is most significant parameter for residual 
stress. Ahmed Naif Al-Khazraji et.al [10] has 
performed EDM on AISI die steel by two type 
of electrode copper and graphite and input 
machining parameters like pulse current and 
pulse on time and observed that with graphite 
electrode and dielectric as kerosene produced 
minimum residual stress and comparatively 
graphite electrode copper electrode produces 
around 50% lower residual stress. Y.H.Guu et.al.
[11] surface quality and machining damage by 
EDM were studied with machining parameter 
like pulse current and pulse on time and result 
showed that thickness of recast layer and surface 
roughness are increases as power input. EDM 
Process produces residual stress tensile in nature. 
Nagarajan Lenin et.al [12] fabricated Al-Lm25/
Fly ash/B4C hybrid composites and WEDM with 
pulse on time, pulse off time and wire feed rate to 
see the effect on volume removal rate and surface 
roughness. From results it is revile that GHO 
algorithm is best algorithm for increasing the 
volume removal rate and minimising the surface 
roughness values. Sanjay Kumar et. al [13] done 
WEDM on high carbon high chromium D2 steel 
and investigated the effect of duty cycle, peak 
current, and wire feed on residual stress, surface 
roughness and erosion rate. It was observed that 
interaction of high peak current and duty cycle 
produces high tensile residual stress. Behnam 
Khosrozadeh et.al [14] investigated the effect 
of ultrasonic-assisted EDM and powder mix 
dielectric EDM process on heat altered zone, 
micro cracks, surface roughness and residual 
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stress. It was found that magnitude of residual 
stress in ultrasonic- assisted EDM is lower 
than normal EDM and powder mix dielectric 
EDM process. J.F. Liu et.al [15] developed 
finite element model to predict residual stress 
distribution in EDM parts. Average residual 
stress is found maximum in below the top 
surface, which near about similar to experimental 
data. Low discharge energy is found suitable for 
lower tensile stress. S.L. Soo et.al [16] with low 
damage EDM generator and optimized trim-
pass strategies, not found significant changes 
in fatigue life after WEDM and flank milling 
of Ti6246 material. Pujari Srinivasa Rao et.al 
[17] performed WEDM on 2014 T6 aluminum 
alloy and found more variation in the value of 
residual stress at various combination of WEDM 
parameters.

It is observed from various research article 
that, in case of WEDM as material, machining 
parameters changes variation in residual stress 
observed and also, it is noticed that less work 
has been done on effect of WEDM parameters on 
creation of residual stress and material being get 
machined. 

2.	E xperimental Setup

The experiments were carried out on a wire-cut 
EDM machine (ELEKTRA SPRINTCUT 734) 

For conducting experiments with three 
parameters and three levels full factorial design 
is used and total 27 trials are conducted for both 
type of materials.

The matrix material aluminum alloy LM-
25 is high strength, high corrosive resistant 
material also its strength can be improve by 
heat treated conditions .LM25 mainly use for 
that application wherever we required good 
mechanical properties are required in desired 
shape or dimensions cast ability to achieved the 
desired standard.  It has good machinability and 
mechanical properties. Following is the chemical 
composition of material

Table 1: Input factors and their levels

Table 2: Chemical Composition of Aluminum Alloy LM-25

Factors Levels 
Level 1 Level 2 Level 3 

Pulse on time 106 112 118 

Peak Current  190 200 210 

Pulse off time 30 34 38 

of Electronica Machine Tools Ltd. Diameter- 
0.25mm electrode of Brass wire used as electrode 
tool, di-electric fluid used as distilled water.
Three Machining parameters- Pulse on time, 
Peak current and Pulse off time considered as 
input factors with three level as given in Table 1.

Material  Copper Magnesium Silicon Iron Manganese Nickel Zinc Lead Tin Titanium Aluminum 

LM25 0.1% 0.2-0.45% 6.5-7.5% 0.5 % 0.3 % 0.1% 0.1% 0.1% 0.05% 0.2% Remainder 

Reinforcement material SiCis an artificial (man-
made) mineral known for its very high hardness 
and strength, abrasion resistance, chemical and 
thermal stability, high melting point, oxidation 

resistance, high erosion resistance, etc. for 
reinforcement powder form 1200 grit SiC is used. 
Aluminum alloy-SiC composite are fabricated 
by stir casting process.
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D2 steel is high-carbon, high-chromium tool 
steel. It has high strength, high toughness, high 
hardness, high wear and abrasion resistant 

3.	R esult and Discussion

While Wire cut electro-discharge machining 
high temperature discharge generated near 
the surface to remove material, because this 
thermal process residual stresses are set up in 
recast layer and heat affected zone. The surface 
residual stress is important factor for the fatigue 
life of engineering products. Therefore, as low 
as residual stress, more will be fatigue life of 
material. The measurement of residual stress has 
done on XRD, for that suitable sized workpiece 
machined on WEDM. The retained layer of 
wire and dielectric was cleaned by very fine 
grit paper. Contaminations on the surface were 
cleaned using acetone solution.

X-ray Residual Stress Analyzer used for 
measuring the residual stress in Wire-EDMed 
machined surfaces. A number of independent 
X-ray runs at different ψ angles were performed 
to calculate residual stresses. The measurement 
depth were taken up to 50 µm. Following table 
no.4 & 5 shows values of experimentation with 
residual stress developed in Al/Sic and D2 die 
steel material respectively.

Table 3: Chemical Composition of D2 die steel

Table 4: Experimentation runs with Residual Stress for 
Al/SiC Metal matrix composite

Material  Carbon Manganese Silicon Coba

lt 

Chromi

um 

Molybden

um 

Vana

dium 

Phos

phorus 

Nickel

 

Copper Sulphur Iron 

D2  1.50% 0.60% 0.60% 1% 11% 0.7% 1.10% 0.03% 0.30% 0.25% 0.03% Remainder 

 

properties. It is heat treatable and can improve 
its hardness by heat treatment. Following is the 
chemical composition of material

Aluminum alloy having melting temperature 
of 800-900 0C and for reinforced material SiC 
it is 2600-2730 0C where as for die steel having 
melting temperature range of 1300-1550 0C and 
WEDM produces spark in the temperature range 
of 8000-12000 0C. After machining on WEDM 
solidification process mainly occurs in three 
phases. The first is removed molten material 

Sr. No. 
Pulse on 
time (µs) 

Peak current 
(A) 

Pulse off time 
(µs) 

Residual Stress  
(MPa) 

1 106 190 30 52.3 

2 106 200 30 71.3 

3 106 210 30 81.5 

4 106 190 34 -34.2 

5 106 200 34 62.5 

6 106 210 34 101.2 

7 106 190 38 72.3 

8 106 200 38 91.3 

9 106 210 38 136.2 

10 112 190 30 61.3 

11 112 200 30 93.2 

12 112 210 30 -4.5 

13 112 190 34 -42.3 

14 112 200 34 138.2 

15 112 210 34 124.5 

16 112 190 38 -90.2 

17 112 200 38 95.4 

18 112 210 38 -136.4 

19 118 190 30 124.3 

20 118 200 30 114.2 

21 118 210 30 122.5 

22 118 190 34 98.2 

23 118 200 34 131.1 

24 118 210 34 123.1 

25 118 190 38 98.3 

26 118 200 38 126.5 

27 118 210 38 124.5 
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Table 5: Experimentation runs with Residual Stress for 
De die steel material

Fig. 1 Comparison of Residual stress for Al/SiC MMC 
and D2 Steel

Sr. No. 
Pulse on 

time (µs) 

Peak current 

(A) 

Pulse off time 

(µs) 

Residual Stress  

(MPa) 

1 106 190 30 240 

2 106 200 30 224 

3 106 210 30 198 

4 106 190 34 186 

5 106 200 34 202 

6 106 210 34 214 

7 106 190 38 144 

8 106 200 38 218 

9 106 210 38 266 

10 112 190 30 341 

11 112 200 30 218 

12 112 210 30 267 

13 112 190 34 336 

14 112 200 34 332 

15 112 210 34 294 

16 112 190 38 184 

17 112 200 38 249 

18 112 210 38 356 

19 118 190 30 344 

20 118 200 30 284 

21 118 210 30 378 

22 118 190 34 411 

23 118 200 34 318 

24 118 210 34 298 

25 118 190 38 198 

26 118 200 38 256 

27 118 210 38 388 

thrown into the working liquid solidifies when 
the working liquid cools and forms the debris. 
The second is that part of the molten material 
is thrown onto the corresponding electrode 
surface and cooled it is not more in case of 
WEDM and third, the residual materials that 
have not been removed from surface of work 
piece cooled on the surface of the work piece. 
For particle reinforced metal matrix composites, 
the coefficient of thermal expansion of matrix is 
different from that of particle. As the temperature 
rises, the internal stresses are released. Due to 
the difference in thermal expansion coefficient 
between the matrix material and the particles, 
the expansion of the matrix is much larger than 
that of the particles. In the expansion process, 

the matrix and the particles will inhibit each 
other and generate lower residual stresses and 
sometimes it is compressive stress, where as 
in case of die steel all particles having same 
coefficient of thermal expansion therefore 
particles not inhibit each other and forms higher 
residual stress near the machining surface. Fig. 
2 shows the comparison of residual stress value 
for Al/SiC MMC and D2 steel material.

From fatigue life point of view tensile residual 
stress majorly influenced the fatigue life of 
material. As from above result maximum 
magnitude of tensile residual stress occur in D2 
die steel, which may affect fatigue life as compare 
to Al/SiC , but tensile strength of D2 material is 
more as compared to Al/SiC MMC material. 

4.	C onclusion

Wire cut electro discharge machining has been 
done on Al/SiC metal matrix composite and D2 
dies teel material with varying pulse one time, 
pulse off time and peak current at three levels. 
from obtained result it is conclude that

1.	 Tensile residual stress is induced after 
WEDM process while Al/SiC MMC and D2 
steel WED machined expecting few values of 
Al/SiC.
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2.	 Residual stress magnitude is more in case 
of D2 steel material as compared to Al/SiC 
MMC.

3.	 Tensile residual stress may affect fatigue life 
of material.

References:

1.	 Ji-Peng Chen, Lin Gu and Guo-Jian He  “A review 
on conventional and nonconventional machining 
of SiC  particle-reinforced aluminium matrix 
composites”, Springer, Advance Manufacturing  
an International Journal, (2019).

2.	 Goutham Murari V.P.,Selvakumar G. and 
Chandrasekhara Sastry C.,” Experimental 
Investigation ofWire-EDM Machining of 
Low Conductive Al-SiC-TiC Metal Matrix 
Composite” MDPI, Metals International Journal, 
Vol.10,(2020),pp.1-31

3.	 Bulent Ekmekci “Residual stresses and white layer 
in electric dischargemachining (EDM)” ,Elsevier, 
Applied Surface Science, 253 (2007), pp.9234-9240

4.	 Ahmed Naif, Samir Ali Amin and Saad Mahmood 
Ali “Surface Residual Stresses Induced by Shot 
Blast Peening after EDM of AISI D2 Die Steel using 
two types of Electrode”,International Journal of 
current Engineering and Technology,Vol.5,issue 
No.1, (2015),pp.227-234

5.	 Bulent Ekmekci.A.Erman Tekkaya and Abdulkadir 
Erden, “A semi-empirical approach for residual 
stresses in electric discharge machining (EDM)” 
,Elsevier, International Journal of Machine tools & 
Manufacture,46 (2006), pp.858-868

6.	 J.-P.Kruth,Ph.Bleys “ Measuring residual stress 
caused by Wire EDM of tool steel”, International 
Journal of Electrical Machining, No.5,(2000)

7.	 F.Ghanem, C. Braham and H.Sidhom “Influence of 
steel type on electrical discharge machined surface 
integrity”, Elsevier, Journal of Materials Processing 
Technology, 142 (2003), pp.163-173

8.	 A.G.Mamalis,G.C.Vosniakos, and N.M. 
Vacevandis “Residual Stress Distribution and 
Structural Phenomena of High-Strength Steel 

Surfaces Due to EDM and Ball-Drop Forming” 
Annals of the CIRP Vol.37, issue 1,(1988),pp.531-
535

9.	 Reza Bagherian Azhiri, Abolfazal Samani Bideskan, 
Farid Javidpour and Ramin Mehdizad Tekiyeh 
“Study on material removal rate, surface quality, 
and residual stress of AISI D2 tool steel in electrical 
discharge machining in presence of ultrasonic 
vibration effect”, Springer, The International 
Journal of Advance Manufacturing Technology, 
(2018)

10.	 Dr. Ahmed Naif Al-Khazraji,Sr.Samir Ali Amin 
and Saad Mahmood Ali “Study the Effect of the 
Graphite Powder Mixing Electrical Discharge 
Machining on Creation of Surface Residual Stresses 
for AISI D2 Die Steel Using Design of Experiments” 
, Engineering and Technology Journal, Vol.33, 
Part(a),No.6,(2015)

11.	 Y.H.Guu, H. Hocheng, C.Y. Chou and C.S.Deng 
“Effect of electrical discharge machining on 
surface characteristics and machining damage of 
AISI D2 tool steel” Elsevier, Materials Science and 
Engineering, A 358 (2003),pp.37-43

12.	 Nagarajan Lenin, Mahalingam Sivakumar, 
Gurusamy Selvakumar, Devaraj Rajamani, 
Vinothkumar Sivalingam, Munish Kumar Gupta, 
Tadeusz Mikolajczyk and Danil Yurievich Pimenov 
“Optimization of Process Control Parameters 
for WEDM of Al-LM25/Fly Ash/B4C Hybrid 
Composites Using Evolutionary Algorithms: A 
Comparative Study “, MDPI, metals International 
Journal (2021)

13.	 Sanjay Kuamr, Sandeep Grover and R.S.Walla 
“Effect of hybrid wire EDM conditions on 
generation of residual stresses in machining of 
HCHCr D2 tool steel under ultrasonic vibration”, 
Springer,International Journal on Interactive 
Design and Manufacturing (2018)

14.	 Behnam Khosrozadeh and Mohammadreza 
Shabgard “Effects of hybrid electrical discharge 
machining processes on surface integrity and 
residual stresses of Ti-6Al-4V titanium alloy”, 
Springer, International Journal of advance 
Manufacturing Technology (2017)



TRANSACTIONS OF PMAI, VOL. 48, JUNE-DECEMBER 2023 83

Comparison of Residual stress generation in Al/Sic Metal Matrix 
Composite and die steel after Wire Cut Electro Discharge Machining

15.	 J.F.Liu and Y.B.Guo “Residual Stress Modeling 
in Electric Discharge Machining (EDM) by 
Incorporating Massive Random Discharges” 
Elsevier ,Proceedis CIRP, 45, (2016),pp.299-302

16.	 S.L.Soo, M.T.Antar, D.K.Aspinwall, C. Sage, 
M.Cuttell, R.Perez and A.J.Winn “The effect of wire 
electrical discharge machining on the fatigue life 
of Ti-6Al-2Sn-4Zr-6Mo aerospace alloy”, Elsevier, 
Procedia  CIRP 6(2013),pp.215-219

17.	 Pujari Srinivas Rao, Koona Ramji and Beela 
Sayanarayana “Effect of wire EDM conditions on 
generation of residual stresses in machining of 
aluminum 2014 T6 alloy” ,Elsevier, Alexandria 
Engineering Journal (2016)



TRANSACTIONS OF PMAI, VOL. 48, JUNE-DECEMBER 202384

A short review on the processing of Ni-based 
super-alloys by metal additive manufacturing 

Saroj Kumar Sahua, Adiraj Beherab, Ajit Beherac, Renu Prava Dalaia 

aDepartment of Metallurgical & Materials Engineering, Veer Surendra Sai University of Technology,  
Burla, India

bDepartment of Metallurgical and Materials Engineering, GCE, Keonjhar, Odisha, India
cDepartment of Metallurgical and Materials Engineering, NIT, Rourkela, Odisha, India

1.	I ntroduction

Ni-based super-alloys are widely applied in 
aerospace, automobile, and energy industries 
(power plants) because they retain their high 
strength when working under high-temperature 
conditions. Nickel-based super-alloys retain 
their uniquemechanical and corrosion properties 
at high temperaturesused in gas-turbine engine 
components [1-4]. Nickel-based super-alloys 
are developed by melting-casting, investment 
casting, and powder metallurgy routes. Particle 
segregation, agglomeration, formation of prior 
particle boundaries, and high cost (investment 
casting) are the limitations of conventional 
methods. In this regard, MAM techniques 
produce complex parts with near net shape 
than conventional techniques [5-7]. The metal 
additive manufacturing(MAM) of Ni-based 

Abstract: Ni-based super-alloys are widely applied in aerospace, automobile, and energy industries (power 
plants) because they retain their high strength when working under high-temperature conditions. Conventional 
methods like melting-casting, investment casting, and powder metallurgy methods are developed for Ni-based 
super-alloys. However, these methods have certain limitations: segregation, near net shape, and material loss 
during machining in the melting-casting technique, whereas formation of prior particle boundaries in the 
powder metallurgy method. But these limitations are not observed in the investment casting method, but the 
process is not cost-effective to produce a large number of products. Recently, few researchers take attempted to 
process the Ni-based super-alloys using a metal additive manufacturing process to get near net shape products 
without the prior particle boundaries and segregation at a reasonable cost compared to investment casting. The 
two commercially available Ni-based super-alloys are Inconel 625 and Inconel 718, processed by metal additive 
manufacturing (MAM). The selective laser melting (SLM) process is based on the principle of layer-by-layer 
material incremental MAM which produce a full density product without segregation of the powders. Hence, 
this review is based on the processing of Ni-based super-alloys of the IN718 and IN625 generally used in the 
turbine blades. 

Keywords: Ni-based super-alloys; metal additive manufacturing; selective laser melting; powder metallurgy

super-alloys is a new technique which emerging 
in the field of manufacturing industries.The Ni-
based super-alloys are strengthened due to the 
γ’, γ”precipitates and carbides[8].Conventional 
methods like melting-casting, investment 
casting, and powder metallurgy methods are 
developed for Ni-based super-alloys. However, 
these methods have certain limitations: 
segregation, near net shape, and material 
loss during machining in the melting-casting 
technique, whereas formation of prior particle 
boundaries in the powder metallurgy method. 
But these limitations are not observed in the 
investment casting method, but the process is 
not cost-effective to produce a large number of 
products. Therefore the MAM process provides 
a better solution to these problems.
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2.	D ifferent types of additive manufacturing 
	 processes used to developNi-based super-	
	 alloy 

Recently Ni-based super-alloys are mainly 
produced through different MMA manufacturing 
techniques such as SLM, EBM, DED, DMD, 
USAM,etc. [9-11].Table 1 revealed the detailed 
classification of the MA manufacturing process. 
There are different types of metal additive 
manufacturing. For the fabrication of Ni-based 
super-alloys SLM, a powder-based process 
is commonly used which provides better 
mechanical properties and fine cellular or 
columnar microstructure compared to the other 
methods. The parts produced by this method 
provide full density and better performance 
with good accuracy. As a result, SLM meets the 
demand of different industries where that need 
lightweight and complex parts.

2.1	S elective Laser Melting (SLM)

A laser selectively meltsthe successive layers of 
powder and develops a layer-by-layer product 
during the processing of the Ni-based super-
alloys[11-14]. This process is also named a laser 
powder bed fusion process. In this process, 
various alloying elements like Cu, Al, Ti, and 
Cr, can be added to develop the Co-based and 

Fig. 1 Various Types of Additive Manufacturing 
Processes

Fig.2. Schematic of a lab-built SLM experiment setup

Fig. 3. Specimen orientations during SLM processing 

Ni-based super-alloys.This technique produces 
complex or intricate metal parts easily with 
better properties compared to the other AM 
processes. Nowadays SLM is very popular 
because of its higher rate of deposition and to 
develop a large part with minimum cost. Fig.2 
shows a schematic of a lab-built SLM experiment 
setup to fabricate the super-alloys.Figure 3 
depicts thespecimen orientations during SLM 
processing on a substrate.

2.2 	SLM of IN718
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IN718 is a precipitation-strengthened or 
hardened alloy and it retains its high strength 
properties at high temperatures [18, 19]. IN718 
contains a higher amount of Al and Ti with Nb. 
The precipitation strengthening in IN718 is due 
to the presence of Nb, Al, and Ti because they 
form intermetallic compounds such as γ’ (Ni3(Al, 
Ti, Nb)), γ” (Ni3Nb), and δ (Ni3Nb) [18, 20]. 
However, δ phase is more stable and retains the 
high strength properties at high temperature. The 
γ” phase can be converted to the δ phase above 
650 °C [21]. Processing of IN718 super-alloy 
using conventional methods creates problems 
like segregation, shrinkage, and expensive. 
Low cracking tendency and good formability 
of the SLM process is the most suitable method 
to develop the IN718 Ni-based super-alloy. 
However, controlling the processing parameters 
of the SLM process eliminates the micro-defects 
[20]. 

2.2.1 Heat treatment of IN718 after SLM 

Heat treatment after the SLM process creates a 
homogeneous microstructure and precipitates 
the different strengthening phases. It also 
helps to dissolve the undesirable brittle lave 
phases [22]. The presence of the brittle lave 
phases decreases the mechanical properties of 
IN718.SLM processgenerally precipitates these 
phases in the interdendritic regions due tolaser 
irradiation. Wang et al.[23] observed SLM 
processed IN718 samples have no precipitates 
(γ’and γ’’). To precipitate these strengthening 
phases and to dissolvethe undesirable brittle lave 
phases heat treatment is a necessary step after 
SLM processing. The common heat treatment 
procedure for precipitation-strengthened 
Ni-based super-alloys consists of solution 
plus aging treatment. Li et al.[24] suggested 
that a proper solution temperature is able to 
enhance the performance of IN718 fabricated 

by the SLM method. Because the strengthening 
precipitates dissolve at a higher temperature 
whereas lower temperaturesare not able to 
precipitate the strengthening phases. Ni et al. 
reported that aging treatment after the solution 
treatment completed the precipitation process 
and increase the fraction of the strengthening 
precipitatephasesup to 45.5% compared to the 
IN718 samples without heat treatment [25]. 

2.2.2	H ot isostatic pressing (HIP) of the SLM 
	 processed IN718

HIP is generally used to close the pores generated 
in the additive manufacturing engineering parts 
and improve the mechanical properties. The HIP 
is able to dissolve the undesirable lave phases due 
to the high temperature used in the process. It 
redistributes the alloying elements and formsan 
equiaxed γ phase. Kuo et al. [26] reported that 
without HIP there is an accumulation of the δ 
phase precipitates in the interdendritic regions. 
Accumulation of these precipitates leads to 
premature failure of the SLM-processed parts.

2.3	SLM  of IN625

IN625, superalloys, was developed to use in the 
aerospace industries for gas turbine engines but 
its unique properties attract other industries 
[27]. Solution and precipitation strengthening 

Table 1 Summary of the process parameters in the SLM 
process[32]

Powder-related properties Laser-related 
properties 

Powder-bed-
related 
properties 

Chemical Composition 

Particle size and shape 

Particle size distribution 

Surface morphology 

Internal porosity 

Powder flowability 

Apparent density 

Laser type 

Laser power 

Sport size 

Defocusing 

Scanning speed 

Scanning 
strategy 

Hatch spacing 

Deposition 
strategy  

Layer thickness 

Powder-bed 
density 

 

Building 
chamber 
atmosphere    
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is due to the presence of the alloying elements 
Cr, Mo, and Nb. Machining of the IN625 alloy is 
difficult due to its very high strength, as a result, 
processing of the IN625 alloy is not favorable by 
the traditional methods. IN625 developed by the 
SLM process shows columnar microstructure 
with elongated grains and has a γ-FCC matrix 
[28, 29]. Due to a higher rate of cooling during 
the SLM process,complete precipitation ofthe 
γ’’ intermetallic phasesis not possible. The heat 
treatment after the SLM processing precipitates 
the γ’’ (Ni3Nb) and carbides (MC, M6C, and 
M23C). Li et al. [30] reported that heat treatment 
changes the microstructure and hardness of 
the IN625 developed by the SLM method. 
Afkhamiet al.[31] reported that the fatigue 
resistance property of the SLM processed parts 
deteriorates due to poor surface finish. However, 
HIP improves the fatigue resistance property of 
IN625. C. Li et al.[16] observed that fully dense 
IN625 alloy is developed by the SLM method and 
heat treatment after SLM processing provides 
better mechanical properties.Table 1 represents 
the different process parameters required during 
the SLM processing. However, to obtain an SLM 
part with a good surface finish, near net shape, 
and better mechanical properties optimization 
of the process parameters is one of the most 
essential steps.

2.3.1	H eat treatment of IN 625 after SLM

Heat treatment of IN625 developed by SLM 
dissolves the undesirable brittle lave phases. 
This heat treatment precipitates the different 
strengthening phases (γ’ and γ’’) and improves 
the mechanical properties of the superalloy.
[33] Hu et al. [34] observed a higher solution 
temperature decreases the volume fraction 
and size of the lave phases. Also mentioned, 
yield strength and hardness decrease when 
the solution temperature increases. However, 

elongation increases the yield strength of the 
superalloy. Hu et al. [35] suggested that a proper 
solution temperature enhances the performance 
of IN625 fabricated by the SLM process. Li et 
al. [36] studied the original microstructure of 
the IN625 superalloy developed by SLM and 
observed that the microstructure consists of 
austenite with no carbide precipitation or laves 
phases. Li et al. [37] reported that heat treatment 
recrystallizes the microstructures, increases 
the grain size, reduces dislocation density, and 
reduces tensile residual stress in IN625 samples 
produced by SLM.

3.	C onclusions

The following conclusions are obtained on the 
review of SLM in IN718 and IN625

(i)	 Processing of IN718 and IN625 super-alloys 
by conventional methods generates problems 
like segregation, shrinkage, difficulty in 
machining, and expensive (investment 
casting).

(ii)	 The low cracking tendency and good 
formability of the SLM process make the 
process suitable for the production of high-
strength IN718 and IN625 Ni-based super-
alloys.

(iii)	HIP and proper heat treatment are necessary 
to obtain better mechanical properties and 
dissolve the brittle lave phases in IN718.

(iv)	A fully dense IN625 alloy can be developed 
by the SLM method and heat treatment after 
SLM processing provides better mechanical 
properties.
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1.	I ntroduction:

Various techniques have been employed for 
synthesis of thermoelectrics (TEs), but for many 
of them there is no such specific route which can 
lead to their industry level synthesis. An ideal 
TE material should be a phonon glass and an 
electron crystal, which means that the materials 
should have a low lattice thermal conductivity 
just like glass, and a high electrical conductivity 
just like in a crystal [1].

According to the second law of thermodynamics, 
the energy input to a system is never completely 
converted to usable energy output. The 
difference between the two constitutes the 

Abstract: Thermoelectric (TE) material is a need of future as it provides a means for harvesting waste heat 
energy and is also the cleanest form of energy. Many types of TE have attracted the attention in the last years 
because of their technological potential in the field of optoelectronics, light emitting diodes (LEDs), medical, 
aerospace and defense applications due to the thermoelectric conversion properties, chemical stability and non-
toxicity. Not only this, TE can be adjoint to other renewable energy sources like photovoltaic (PV) to improve 
their efficiency. As compared to commercially available PV Cells whose efficiency usually varies in between 
15 to 20 %, there is around 6.5% rise in overall thermal efficiency of PV-TE-EC (Evaporative Cooling) based 
hybrid power generator using suitable solar concentrator with the operating temperature of around 85°C. In 
high temperature applications at 750-800°C, β-FeSi2 based TE is the ecofriendly and suitable material for high 
temperature application. The power output is calculated for 29 legs of p-type and n-type β-FeSi2 and the maximum 
power output and power density are 4.1 mW and 0.0284 mWcm-2 respectively. Using necessary relations in 
mathematical modeling a proper combination of eco-friendly transition metal silicides in each multi-segmented 
TE leg is proposed. For the designed multi-segmented TE leg, to be used in 500 – 1200 K temperature range, 
the effective Seebeck coefficient, circuit voltage and effective Seebeck – Thomson coefficient for an unicouple 
is determined to be 149 μVK-1, 0.104 V and 277 μVK-1 respectively. The maximum power output obtained is 
around four times what is obtained in an only β-FeSi2 based TE.

Keywords: thermoelectric; Seebeck effect; TEG module; power; multi-segmented thermoelectric.

unutilized heat and it is though in variable 
quantities is available in almost every system. 
Thermoelectric materials, used in power 
generation, scavenge the unutilized heat from 
the source and convert it to a usable electrical 
form of energy. The unutilized heat may be of 
high temperature, medium temperature, or low 
temperature grade. That means heat is dumped, 
for example from industrial processes like hot 
metallurgical processing (high temperature: 
greater than 600oC), from exhaust gases released 
by the combustion units (medium temperature: 
250 to 600oC) or from hot surfaces of the indirectly 
involved processing units (low temperature: 
less than 250oC) into the environment causing 
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thermal pollution [2]. Surprisingly, around 66% 
of the unutilized heat in industries is available in 
the low temperature range of around 66-230oC. 
TE can work as a renewable energy source in 
low temperature regime or as a supplement to 
conventional energy sources in high temperature 
regime [2-3]. In the medium temperature range, 
TE can work in either ways depending on the 
system or the purpose for which it is used [2,4]. 
Figure 1 illustrates the mostly preferred TE 
material to be used at a particular temperature 
[3-7]. Therefore, TE comes under the category of 
sustainable energy-efficient technology with the 
additional advantages of simple configuration, 
no moving parts, no vibration, no noise, no 
pollution, and high stability.

The TE uses Peltier effect for cooling and 
Seebeck effect for energy generation. Some TEs 
are good as Peltier coolers, some are good as 
TEGs and few are good in both refrigeration and 
power generation. Few examples of each of the 
category are cited in Fig. 2. To make many of the 
TEs multidimensional suitable measures need 
to be taken in two perspectives: (1) Joule heat 
to be kept as minimum as possible; and (2) No 
increment in lattice thermal conductivity due to 
increasing temperature. This can be achieved by 

Fig. 1 Highest ZT Thermoelectric materials to be used at 
various temperatures for various applications.

Fig. 2 Thermoelectric materials classification with 
respect to the power generation mode and refrigeration 

mode.

suitable use of doping, nanostructuration, band 
engineering and use of proper set of materials 
(e.g. use of oxide dielectric layer in between the 
layers of TE material) [7-13].

However, the challenge in using TE is that for 
a particular temperature, the thermoelectric 
system should be inclusive to all forms of heat 
source, be able to run continuously, have a 
long life, are low cost and are light in weight. 
For a particular TE, the TE performance index, 
figure-of-merit, ZT, is maximum over a narrow 
temperature range and it decreases beyond that 
range. For example, PbTe has ZT of 1.9 between 
250 – 300 ˚C, but beyond this temperature the 
ZT is low [14-15]. For such low ZT temperatures, 
another TE need to be employed.

2.	 A Typical TE Circuit and its Components:

TE is characterized by its dimensionless Figure 
of merit (ZT) as given in Eq. (1).
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where S, k, σ and T are the Seebeck coefficient 
(μV K-1), thermal conductivity (W m-1 K-1), 
electrical conductivity (Ω-1 m-1) and absolute 
working temperature (K) respectively [4-5]. Eq. (1) 
can be pictorially represented as shown in Fig. 3 
(a). The TE module is designed using p-type and 
n-type TE material legs. Various characteristics 
are required to be investigated to determine the 
maximum output power from the prepared TE 
module. These legs are connected electrically in 
series but thermally in parallel as shown in Fig. 

3.	L ow Temperature Applications: 
	P hotovoltaic (PV)

The usage of photovoltaic (PV) cell for electricity 
generation increased appreciably from last 
few decades owing to its environmental 
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3(b)-(c). The electrical analogy for the TE module 
is shown in Fig. 3(d). On both top and bottom 
surfaces of the TE circuit, the SiC plate, alumina 
plate and silver foil are represented as capacitors 
with their respective resistances. Across the TE 
circuit, temperatures Th and Tc are sustained 
which results in charge flow. The electrical circuit 
with grey background in Fig. 3(d) summarizes 
the circuit to determine the Seebeck coefficient. 
The working model to apply load resistance and 
evaluate the TE power output is shown in Fig. 
3(e).

Fig.3 Schematic of a Thermoelectric: (a) Dependency of Figure-of-Merit, ZT of the TE material on various parameters 
(b) Appearance of the complete TE assembly, (c) Various parts of the TE assembly, (d) Electrical analogy of the TEG 

module, (e) Working model of the TEG module.

sustainability, availability, and applicability. 
However, in PV most of the solar energy gets 
dissipated in the form of heat into the PV system. 
This waste heat causes increase in temperature 
of PV cell and degrades its efficiency and 
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performance. In the current context, efforts are 
made to improve the efficiency by utilizing 
this dissipated heat. One of the ways is to use 
low temperature thermoelectric (TE), based on 
the Seebeck effect, along with the PV cell. The 
overall efficiency with respect to temperature of 
hybrid Photovoltaic-Thermoelectric (PV-TE) is 
0.6 – 1.91% more than PV alone.

Both PV and TE systems depend strongly on 
temperature and thus to reduce the temperature 
and improve the performance of PV-TE 
hybrid system, effective and affordable direct 
evaporative cooling (EC) system was used in 
this study. The mathematical model studied 
for performance evaluation was based on 
cascaded hybrid Photovoltaic-Thermoelectric-
Direct Evaporative Cooling System (PV-TE-EC) 
combinations, i.e. PV-EC (without TE), PV-
TE-EC, PV-2TE-EC (two cascaded layers of TE 
sandwiched between PV and EC) and PV-3TE-
EC (three cascaded layers of TE sandwiched 
between PV and EC as shown in Fig. 4 (a)) 
systems. The TE module placed adjacent to the 
lower surface of the PV is fabricated from p-type 
and n-type bismuth telluride (ZT ~1). Various 
hybrid systems made of PV and TE assisted or 
not assisted with EC are studied e.g., PV, PV-TE, 
PV-EC, PV-TE-EC, PV-2TE-EC, and PV-3TE-EC. 
These hybrid systems used PV, TE, and EC in 
parallel arrangements [16].

The individual and overall power output 
contributions from PV and TE in the hybrid 
systems with respect to the concentration ratio 
are summarized in Fig. 4(b). As the concentration 
ratio is increased, the overall power output of all 
the hybrid systems got increased. An increase 
in solar concentration ratio increases the overall 
temperature of the hybrid systems. In addition, 
the temperature rise augments the evaporative 

cooling effect from EC and results into higher 
equivalent temperature difference across TEs. 
This reduces the power output from PVs but 
increases the power output from TEs. This leads 
to an increase in the overall efficiency of PV-TE-
EC, PV-2TE-EC, and PV-3TE-EC in the ascending 
order. At concentration ratio 7, PV-TE-EC, PV-
2TE-EC and PV-3TE-EC produce the output 
power of 970, 993 and 1014 Wm-2 respectively. 
This corresponds to the efficiency increment of 
PV-TE-EC, PV-2TE-EC and PV-3TE-EC by 2.15, 
4.87 and 6.54% respectively [16].

Fig. 4  PV-3TE-EC hybrid system: (a) Schematic 
representation of the structural diagram, (b) Power 
output with respect to solar concentration ratios [16].
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4.	L ow Temperature Applications: Solar 
	T hermoelectric Generator (STEG)

STEG can be used to generate electricity from 
tapped solar energy and therefore they are 
an attractive renewable energy solution for 
standalone power conversion. In addition, 
STEG has been used in power generation for 
health monitoring system, wireless sensors, 
space applications and several other low power 
applications. In this, Solar concentrators are 
placed over the heat source to conduct the 
thermal energy to TE and to perform energy 
conversion analysis of the TE at various solar 
concentration ratios. The energy conversion 
efficiency is found to be around 15% and 23 % 
for TE material with ZT 1 and 2 respectively. A 
modification to the set-up of STEG is also tried 
in which the solar energy is concentrated on 
three layered TE (first layer: Bismuth telluride, 
second layer: Lead telluride, third layer: Silicon) 
using metamaterial. Finned heat sink is used 
to increase the efficiency of conversion of solar 
energy to electricity to around 24%. However, 
the consideration over here is that all the energy 
falling on the metamaterial layer is reaching the 
TE top surface [17].

6.	 High Temperature Applications: β-FeSi2 
	 based Thermoelectric

In high temperature applications at 750-800°C, 
β-FeSi2 based TE is the ecofriendly and suitable 
material for high temperature application. 
The β-FeSi2 based TE circuit is constructed as 
shown in Fig. 3(b)-(e). In this TE circuit, 29 legs 
of β-FeSi2 TE are used in the TE circuit and the 
maximum power output obtained is 4.1 mW  
at 1200 K. Power density per TE leg cross 

sectional area is determined to be around 0.0284  
mWcm-2.  The contact resistance per leg using silver  
foil is determined at 1000 K to be around 5.27 X 
10-6 Ω [7].

7.	H igh Temperature Applications: Multi 
	S egmented Thermoelectric Generator

To increase the overall efficiency of TE generator 
(TEG), multi-segmented p-type and n-type legs 
are designed as shown schematically in Fig. 5(a) 
and described in the chart from Fig. 5(b). Multi-
segmented TEGs are designed with different TE 
materials segmented such that a TEG material 
with higher Z at high temperature is segmented 
with a different TEG material with higher Z at low 
temperature [18]. The thermoelectric properties 
mentioned in Fig. 5(b) are averaged over the 
usable temperature range. A transition metal 
silicide thermoelectric device as shown in Fig. 
5(a) is made from TE materials which are having 
highest ZT value over the desired working 
temperature range. The p-type segments are 
represented as P1, P2, P3 and n-type segments 
as N1, N2. The TE characteristics as given in  
Fig. 5(b) are used to determine the lengths of 
each of the thermoelectric material in each of the 
legs [18]. The design has been prepared with the 
cot junction temperature at 1200 K, cold junction 
temperature at 500 K, overall Length of leg  
as 50 mm and cross section area for each leg as 
100 mm2.

The length of each segment in a TE leg is 
determined using Eq. (2). Here, i denotes the 
sequence of the segment material and j represents 
the position of segment material in the leg.
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Consider a leg with N number of segments, the 
effective Seebeck coefficient, S´, for the multi-
segmented TEG is determined using Eq. (3) and 
is found to be 149 μVK-1.

The circuit voltage, VT is determined using 
effective Seebeck coefficient as shown in Eq. (4) 
and is found to be 0.104 V.

The effective Seebeck – Thomson coefficient, Sˆ, 
at hot junction interface is given as Eq. (5) and is 
determined to be 277 μVK-1:

8.	C onclusions:

•	 Commercially available PV cell efficiency 
usually varies between 15 to 20 %. There is 
around 6.5% rise in overall thermal efficiency 
of PV-TE-EC (Evaporative Cooling) based 
hybrid power generator with the operating 
temperature of around 85°C.

•	 In high temperature applications at 750-
800°C, β-FeSi2 based TE is the ecofriendly 
and suitable material for high temperature 
application. The power output is calculated 
for 29 legs of p-type and n-type β-FeSi2 and 
the maximum power output and power 
density are 4.1 mW and 0.0284 mWcm-2 
respectively.

•	 Using necessary relations in mathematical 
modeling a proper combination of eco-
friendly transition metal silicides in each 
multi-segmented TE leg is proposed. For 
the designed multi-segmented TE leg, to be 
used in 500 – 1200 K temperature range, the 
effective Seebeck coefficient, circuit voltage 
and effective Seebeck – Thomson coefficient 
are determined to be 149 μVK-1, 0.104 V and 
277 μVK-1 respectively.

•	 The maximum power output obtained is 
around four times what is obtained in an only 

The effective Seebeck – Thomson coefficient, Sˆ, 
at hot junction interface is given as Eq. (5) and is 
determined to be 277 μVK-1:

Fig. 5 Segmented Transition Metal Silicide based 
Thermoelectric Device: (a) Schematic diagram of the 

multi-segmented T, (b) TE characteristics of p-type and 
n-type transition metal silicides [7,19-21].
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β-FeSi2 based TE. The practical feasibility of 
manufacturing such composite TE legs need 
to be checked.

•	 Thermoelectric material is a need of future as 
it provides a means for harvesting waste heat 
energy and is also the clean form of energy. 
Many techniques have been employed for 
synthesis of TE, a potential candidate for 
scavenging energy but for many of the 
varieties of TEs, there is no such specific 
route which can lead us to the synthesis of 
this material on an industry level.

•	 A unicouple or TE Generator or TE Cooler 
needs to be formed of p-type and n-type 
thermoelectric material to achieve higher 
value of Figure of merit, Z.

•	 Some TE materials contain toxic elements 
or less abundance elements which narrow 
down their scope of application. An ideal 
TE material should be a phonon glass and 
an electron crystal, which means that the 
materials should have a low lattice thermal 
conductivity just like glass, and a high 
electrical conductivity just like in a crystal and 
at the same time should be environmentally 
friendly.

•	 Many types of TE have attracted the attention 
in the last years because of their technological 
potential in the field of optoelectronics, 
light emitting diodes (LEDs), medical, 
aerospace and defense applications due to 
the thermoelectric conversion properties, 
chemical stability, non-toxicity and relatively 
low cost of production. There is a huge scope 
to do research in the choice of the element 
and its quantity that need to be added to get 
high ZT thermoelectric material.
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1.	I ntroduction:

Spiral Air Jet Mills are widely used in various 
industries, including pharmaceuticals, chemicals, 
food, and cosmetics, due to their ability to 
produce fine powders with consistent particle 
size and narrow particle size distribution. These 
mills use compressed air to generate a high-speed 
jet stream, which is directed into the grinding 
chamber. The air stream, along with the grinding 
material, is drawn into the centre of the chamber 
by a spiral, where the material is subjected to 
high-speed collisions and grinding forces. The 

Abstract: Grinding large quantities of particulate materials is an important operation in many industries. The 
focus of the present work is the analysis and optimization of an air jet mill, which is a versatile equipment used 
in many industries for fine grinding powders to sizes less than around 10 microns. The efficiency of the grinding 
process in an air jet mill typically varies from 2% to 4%, depending on the design and operating parameters so 
even small improvements in efficiency can result in significant energy savings. Amongst many of the available 
machines, spiral air jet mills are attracting the attention because of their advantages like absence of the moving 
parts and low temperature rise during grinding, resulting in better temperature control with low maintenance. 
We study the gas flow in the mill using Computational Fluid Dynamics (CFD) using open FOAM and actual 
machine behaviour by means of experiments. The spin number is the ratio of tangential velocity to the radial 
velocity of the flow. A particle inside the jet mill experiences the drag towards the outlet in the radially inward 
direction and a centrifugal force in the radially outward direction. A balance of the two forces defines the cut 
size of the particle at which both the forces are equal and opposite in direction. As per the resultant equation,the 
cut size is inversely proportional to the spin number squared, assuming other variables to be constant. Thus, as 
the system is dilute with respect to the particles, getting the flow behaviour of single phase helps to predict the 
cut size variation. Simulations were carried out for variable gas flow rate (Q), classifier height (ht), classifier 
radius (rt), rotation (RPM) of the peripheral surface, the chamber sizes (R), the chamber heights (H) of the 
machine, fluid kinematic viscosity and the machine scale-up. Only one parameter varied at a time keeping others 
unchanged from a base case, for univariate analyses. We have found that the spin number decreases with rise in 
input gas flow rate (Q) and with falling peripheral surface rotation (RPM), increases with higher chamber radial 
size and lower classifier radius, and spin number is not affected significantly by chamber height and classifier 
height. As per the simulations, the machine spin number drops more steeply for higher fluid viscosities. On the 
experimental front, the runs with different chamber sizes were carried out and it was found that larger diameter 
chambers yield smaller product particles, the findings of which are in the accordance with simulation results 
(higher spin number yielding smaller product cut sizes).

Keywords: Grinding;10-micron size powder product; single phase CFD; univariate analyses.

resulting fine powder is then separated from the 
coarser particles through the use of a classifier. 
One of the key advantages of Spiral Air Jet 
Mills is their ability to produce fine powders 
with consistent particle size and narrow particle 
size distribution typically less than 10 microns. 
This is achieved through precise control over 
the grinding process and the use of an efficient 
classifier. Additionally, Spiral Air Jet Mills are 
known for their energy efficiency, as they use a 
relatively low amount of energy to produce fine 
powders. This makes them an attractive option 
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for companies looking to reduce their energy 
consumption and lower their carbon footprint. 
The Spiral Air Jet Mill is known for its energy 
efficiency, gentle grinding process, and ability 
to produce ultra-fine high-quality powders with 
narrow particle size distributions. But, since their 
creation in the 1930s, the mills have remained 
practically unmodified [1].

Size reduction happens predominantly towards 
the outer walls as a result of particle–wall and 
particle–particle collisions. The size reduction 
intensity is determined by the impact velocity 
or throughput. The categorization process is 
influenced by particle size. A particle is subjected 
to two dominant forces during classification: 
inertia centrifugal force and fluid drag force. 
The radial flow of gas towards the exit at the 
mill centre creates the drag force. The vortex’s 
centrifugal forceshold the coarse particles in the 
crushing chamber [2]. 

The centrifugal and radial drag forces acting 
on the vortex particles are proportional to their 
size (x). As size reduces owing to fracture, 
centrifugal force (proportional to x3) declines 
faster than radial drag (proportional to x2) 
forces. The particle will leave the mill if the drag 
force exceeds the centrifugal force; otherwise, it 
will remain in the mill and be subjected to more 
impact loadings until it breaks; otherwise, the 
particles will be broken down further until they 
are small enough to escape the mill. [2,3].

Finer particles have a stronger tendency to 
escape as the ratio of drag force to centrifugal 
force (the inverse of the spin number squared) 
improves with particle size. As a consequence, 
the air jet mill simultaneously breaks and 
classifies the particles. Despite the fact that spiral 
jet mills consume a lot of energy, they offer a 
few benefits. The mill has many perks over other 

mills, such as the ability to create particles smaller 
than 10 micrometres with a narrow particle 
size distribution, low temperature rises due to 
high gas flow rates, high reliability due to the 
mill’s lack of mechanical working components, 
applicability for particles with a wide range of 
material hardness, and low contamination due to 
autogenous action. Moreover, when compared to 
other mills, such as ball mills, which have energy 
efficiency ranging from 0.1 to 1%, jet mills have 
a fairly high energy efficiency of 2-5 percent of 
the provided energy consumed to build new 
surfaces [4, 5, 6, 7].

To achieve an aim of any project normally three 
approaches are encountered viz. theoretical, 
experimental and computational. Of the three 
approaches, computational method is relatively 
cost-effective, quick, and user-friendly. It is 
utilized in fields like engineering and science 
to model physical phenomena through a set of 
equations referred to as governing equations. 
Advancements in computer performance have 
greatly impacted computational methods, 
with one example being Computational Fluid 
Dynamics (CFD). CFD has gained popularity 
among researchers due to its efficiency, leading 
to developments in numerical methods for fluid 
flow. While commercial CFD codes are available 
for purchase, the difficulty in modifying them 
and limitations in computing nodes due to 
licensing have led to the creation of open-
source CFD codes, such as Open FOAM. This 
open-source code, written in C++, allows users 
to upgrade and further develop the code. Its 
systematic structure, ease of use, and reliability 
have drawn researchers’ attention. 

This study proposes a single-phase numerical 
simulation of spiral air jet mill using the Open 
FOAM V7.0 open-source CFD tool, incorporating 
the standard k-ε turbulence model. The goal 
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is to simulate the machine to qualitatively 
predict the cut size variation. Plus, single phase 
simulations shall be able to dictate the behaviour 
of the machine for dilute 2 phase systems. This 
work will be particularly relevant to researchers 
working on simulations of turbulent jets 
concerning jet mill single phase dynamics.

1.1	E xpression for the cut size equation: 

The particle size at which the drag and 
centrifugal forces balance is referred to as thecut 
size dcut. Assuming the tangential particle 
velocity matches the tangential air velocity, 
aforce balancing (Fd = Fc) yield:

Nomenclature

Q	 gas flow rate
LPM	 litres per minute
rt	 classifier tube radius
ht	 classifier height
R	 chamber radius
H	 chamber height
RPM	 rotation per minute
x	 particle size
K, k	 turbulent kinetic energy
ε	 turbulent kinetic energy 

dissipation (epsilon)
RANS	 Reynolds Averaged Navier 

Stokes equations
CFD	 Computational Fluid Dynamics
U	 mean velocity (vector)
dcut	 particle cut diameter
Fd	 Drag force
Fc	 Centrifugal force
ρA	 air density
ρp	 particle density
CD	 drag coefficient
r 	 radial position of the particle
B	 proportionality constant in cut 

size equation
fw	 fixed wall
sd1	 cyclic side 1
sd2	 cyclic side 2
u 	 net velocity
ν	 effective kinematic viscosity
∇ • (ν ∇ u)	 viscous stress term
Vt/Vr	 spin number

V	 machine volume

Where; ρA is the air density, ρp is the particle 
density, CD is the drag coefficient,Vr is the radial 
air velocity, Vt is the tangential air velocity and r 
is the radial position of the particle. Further,

Where, B includes all the remaining terms of the 
equation. Hence, the cut size is proportional to 
the inversely squared spin number (Vt/Vr).

Fig. 1. Force balance across the particle. [2]
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2.	C omputational Methodology

2.1	P roblem information and software details:

The problem investigated in the present work 
is the numerical study carried out on single 
phase flow of air in the spiral air jet mill using 
k-ε turbulence model from Reynolds-averaged 
Navier Stokes (RANS) family. The validation 
of the turbulence model with the experimental 
data (for the various radial size variation of 
chambers only) will be discussed with the help 
of computed results.The simulation jobs were 
carried out using CFD code open FOAM version 
7.

2.2	 Assumptions

The conventional jet mill is simplified for 
simulations, neglecting the jet effects, wherein 
instead of jet inlets, whole chamber peripheral 
surface area is considered as an inlet and the 
same is provided with the radial and tangential 
components of velocity of the fluid. The fluid 
is turbulent in nature, but we are concerned 
with the overall variation of the spin number 
with radial distance, hence, wall boundary 
layer effects are not in focus. Similarly, RANS 
is used to capture overall profile and so the 
smaller length scalecalculations are neglected. 
Also, the fluid is assumed to be incompressible 
and Newtonian in nature. A sector of jet mill 
is considered in simulations, hence, the zone 
extending the classifier tube till the top wall of 
the chamber is of no interest.

2.3	C omputational Domain

The physical scenario considered in the study is 
the simplified geometry of jet mill. To account 
for the flow patterns inside the mill, the outer 
chamber peripheral wall (radius, R and height H) 
of the jet mill is acting as an input to the system 
rotating with certain RPM (tangential velocity 

Fig. 2. Schematic of Computational geometry.

component, Vt) with the radial component 
(normal velocity component, Vr) directing 
towards the centre of the chamber. The outlet 
surface is placed at the classifier height (ht). The 
chamber upper face, chamber lower face and the 
curved surface area of cylindrical classifier are 
walls. The computational domain is as shown. 

2.4	C omputational Grid:

The computational domain and the grid are 
generated in GMSH, an open-source meshing 
software. The domain as shown above is 
developed by defining points, lines, rotation 
(if needed) then surfaces, defining transfinite 
curves with mesh points progression and 
bumps, recombining the surfaces for structured 
meshing throughout the surface, then applying 
the rotational extrusion to the surface and then 
tagging the regions like inlet, outlet, fixed wall 
(fw) and cyclic side1(sd1), cyclic side 2(sd2) and 
volume are defined. as a script file for GMSH. 
To lower down the computational time, a 3D 
sector (15deg.) of jet mill is considered, with 
cyclic boundary conditions on flat faced sides. 
Additionally, the meshing near the walls is 
made finer compared to the central part of the 
sector to further optimise the computational cost 
with reasonable accuracyresolving the fluid flow 
physics properly. The mesh is made finer in the 
zones of higher velocity gradients.
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It is ensured that the surface area and the location 
of grid-points on both the cyclic surfaces are 
identical to avoid inaccuracies. The mesh is then 
imported in open FOAM using gmsh To Foam 
command, and the pressure-velocity boundary 
conditions for the respective boundaries are 
updated as needed.

2.5	G overning Equations:

The governing equations in this scenario 
represent the Reynolds averaged continuity and 
momentum equations for incompressible and 
turbulent flow assumptions, they are as shown:

Where, p is kinematic pressure, u is the velocity, 
ν is the effective kinematic viscosity, and it is 
taken care by the k-epsilon turbulence model for 
the present work. The term “∇ • (ν ∇ u)” is the 
viscous stress term.

2.6	N umerical Schemes, Solutions and 
	 Boundary conditions:

The unsteady part is discretised by Euler scheme, 
gradients by Gauss linear, the divergence are 

Analysis of spin number variations in a spiral air jet mill using single 
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Fig. 3. Computational domain with grid-points and 
boundary conditions

discretised by Gauss limited linear V for velocity 
and rest are set to Gauss limited linear. On the 
solution fronts, the tolerances are set to 1e-6as 
residuals. The boundary conditions for walls are 
‘no Slip’ and for flat faces side1 (sd1) and side 2 
(sd2) its ‘cyclic’ with both the patches coupled 
together with ‘neighbour Patch’. Pressure at 
inlet and walls is ‘zeroGradient’ and at outlet, 
it is set to atmospheric conditions. Similarly, 
velocity at inlet is ‘cylindrical Inlet Velocity’ with 
both radial and tangential components defined, 
while at the outlet it is set to ‘zerogradient’. Both 
Pressure and Velocity are set to ‘cyclic’ for sd1 
and sd2 patches.

The solution for the governing equations is 
obtained by iterative method through PISO 
algorithm. This algorithm is available in open 
FOAM by default and can be applied using the 
keyword ‘pisoFoam’. The ready computational 
grid is subjected to the grid independence 
study, to ensure grid independent results. 
The grid independence study was carried out 
with multiple meshesand the independence is 
achieved for a grid with number of cells 1.39 
million for 360 deg which reduces to around 5400 
cells for 15 deg. sector of cylindrical chamber.
The grid independence study is discussed later.

3.	R esults and discussions

The simulation data is exported using Paraview 
and then fed to an in-house C program code that 
is developed to bin the geometry in the radial 
coordinates and obtain the average spin number 
for a bin. The data points of the bins are then 
connected to yield a curve using xmgrace.  In 
general, a convention is followed wherein the 
spin number (Vt/Vr) Vs. the fractional radial 
distance from the mill centre are plotted and the 
concerned parameter is analysed. The schematic 
of velocity streamlines are as shown:
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The gas is entering from the right peripheral 
surface and exiting the domain from the upper 
half of left periphery which is outlet. In the top 
view, it is visible that the velocity streamlines 
are flatter (higher radius of curvature) near the 
left upper half than the left lower half which 
highlights the gas exit. In the front view, it 
can be seen that the streamlines are eventually 
getting concentrated at the outlet yielding 
longer streamlines and so higher radial velocity 
magnitudes.

3.1	T he Grid Independence

The GMSH software is used for meshing, where 
in the number of points per unit length (nl) of 
side 1 (sd1) is used as a basis for the entire mesh. 
Additional effects like bump and progression 
are used to control the mesh regions as per the 

Analysis of spin number variations in a spiral air jet mill using single 
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Fig. 4. Velocity streamlinesfrom inlet (right) to outlet 
(left). (a) top view and (b) front view.

Fig. 5 Grid Independence

requirements. The increase in “nl” makes the 
entire mesh finer.

The nl is varied from a lower value of 50, which 
represents the coarser mesh, to 60 and 70, which 
represents the finer meshand they are taking 
almost the same values, hence a minimum of 
nl = 50 is taken, balancing the accuracy and 
the computational cost, and it is ensured that 
the mesh density is always higher than nl = 50, 
wherein the structural mill parameters are to 
be analysed. In all the graphs, the curves begin 
from right side (the chamber radius, R) as inlet 
and gas leaves the mill at outlet from the left side 
(where the spin number becomes 0). In between, 
the curve represents the spin number variation 
across the radial distance in the mill from inlet 
to outlet.

3.2	T he effect of K and epsilon on the mill 
	 geometry

The initialisation of Turbulent kinetic energy 
and the turbulent kinetic energy dissipation rate 
impact the flow pattern of the fluid in turbulence; 
hence these have been changed for the mill to 
take into account such effects. While considering 
the incompressible fluid with turbulence, the K 
values are supposed to be smaller and the effect 
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of the same has been analysed for the variation 
keeping epsilon constant and thereby vice-versa 
is done for epsilon, keeping k constant.

The values of k are varied from 0.1 to 20 for an 
epsilon of 500, and thereby it can be seen that 
there is no substantial change in the profile. 
Similarly, in the case of epsilon from 300 to 50000 
for k of 0.1, all the curves are overlapping each 
other. There has been a significant change in 
trend in the third graph, wherein the turbulent 
kinetic energy and its dissipation rate are 
increasing, as shown in the table 1.

With increasing k-epsilon values in Figure 6(c), 
the curves become steeper and steeper, for the 
same simulation time of the mill. Essentially, the 
nature of the curves are primarily dependent 
on the k and epsilon values given at the inlet 
boundary condition, otherwise the curves would 
have overlapped as the k-epsilon effect would 
have been washed out while reaching steady 
state. In the subsequent studies, the K is 0.1 m2/
s2 and the epsilon is 500 m2/s3. 

Table 1: Deciding k-epsilon parameters with variation in 
both on case-by-case basis.

Fig. 6. K-epsilon variation in a single-phasejet mill.  
(a) K variation with constant epsilon. (b) Epsilon 

variation constant K. (c) Variation of K and epsilon both.

 K epsilon 

Case0 0.00000005 0.00000005 

Case1 0.005 0.005 

Case2 0.5 0.5 

Case3 5 5 

Case4 50 50 

Case5 500 500 

Case6 5000 5000 
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Table 2: Base case parameters

Fig. 7. Spin Number variation with (a) chamber radius 
and (b) chamber height.

3.3	P arametric variations:

To begin with, a base case is established, learning 
from grid independence, the k-epsilon studies, 
the experimental design, and the operating 
range of the machine. The base case is as follows:

The overall volumetric flow rate varies from 300 
LPM to 750 LPM, which is the normal operating 
flow rate of jet mills with such dimensions. The 
parametric effects of chamber height, chamber 
size, classifier height, classifier size, flow rate, 
RPM, and the scale-up have been studied.

3.3.1. Effect of Chamber radius and Chamber     	
          Height

The chamber cylindrical radius is varied as 2 
cm, 3 cm, 4 cm, and 5 cm in order to plot the 
fractional radius. Higher chamber radii may be 
taken, and accordingly, the comparison should 
be normalized with respect to the biggest radius 
considered. Similarly, the chamber height is 
varied as 1.5 cm, 1.75 cm, 2 cm, 2.25 cm, 2.5 cm, 
and 3 cm, keeping in mind that the chamber 

Parameter Value  

Chamber Radius (R) 5cm 

Chamber Height (H) 2cm 

Classifier Radius (rt) 0.9cm 

Classifier Height (ht) 1cm 

Initialised Radial Velocity  0.75m/s 

Initialised RPM  150 

Initialised K 0.1 m2/s2 

Initialised epsilon 500m2/s3 

height (H) should always be greater than the 
classifier height (ht) to allow gas to exit from the 
machine. 

High chamber radii result in a higher spin 
number at the inlet, and the spin number is 
almost always maintained at a constant value 
of 1 (for the red curve) over the majority of the 
fractional radial distance, except for the exit 
effects. With larger chambers (R), the range (R-
rt) increases for the same classifier (r), resulting 
in more length at which the spin number can 
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remain at higher values; this is advantageous, 
so chambers with a higher radius are preferable. 
Changing the chamber height shows no 
variation in spin number as all the curves are 
almost overlapping. The locus of the maximum 
spin number is connected through a dotted line 
(R2=0.9998) a shown with the equation:

The fact has been experimentally verified, 
wherein semi batch runs with chamber radii of 
4 cm, 5 cm, and 6 cm were executed, and the 
mean particle sizes were around 15 microns, 6 
microns, and 2 microns, respectively. A higher 
spin number results in a product with a smaller 
cut diameter.

3.3.2. Effect of Classifier Radius and Classifier    	
          Height:

The classifier radius is changed to 0.9 cm, 1.35 
cm, 1.8 cm, 2.25 cm, 2.7 cm, and 3.6 cm, such that 
all the values stay lower than the chamber radius. 
Following the similarity, the classifier height 
is changed from 0 to 15mm with an interval of 
2.5mm, all values lower than the chamber height 
of 20mm.

Interestingly, the bigger classifiers tank the spin 
number more than the smaller ones. This is 
disadvantageous as the R-rt distance is reduced; 
hence, smaller classifier radii are preferable. 
Also, the simulated flow shows that there has 
been a negligible effect of the variation of the 
classifier height on the spin number, and the 
overlapping of the curves just formed a zone 
enclosing all the spin numbers.

3.3.3 Effect of Flow Rate Q (LPM) and RPM of 	
         Peripheral Surface:

The gas inlet flow rate values should be varied 
according to the normal operating conditions. 
The flowrate here highlights the amount of gas 
fed to the machine from the inlet with a direction 
normal to the peripheral surface, and hence it 
will directly contribute to the radial velocity; the 
same is evident in the curves. As the gas flow 
rate increases, the spin number decreases.

Fig.8 . Spin Number variation with (a) classifier radius 
and (b) classifier height.
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The increase in RPM of the peripheral surface is 
directly leading to higher tangential velocities. 
More RPM results in larger spin numbers. One 
key thing to note is that, the curves are more 
straight at lower RPMs. This is due to the fact 
that the radial component is initially at its 
minimum as the gas moves from the inlet to the 
outlet and the flow area decreases, resulting in 
increasing radial velocity, whereas as the gas 

The dimensions of the machine are increased 
linearly, the volume is thus increased by the 
power 3, and the corresponding spin number 
for the scaled-up systems is plotted as shown.

Fig.9. Spin Number variation with (a) gas flow rate and 
(b) RPM of peripheral surface.

Fig.10. Spin Number variation with machine Scale-up.

approaches the exit, the tangential velocity only 
reaches the 2nd maxima (1st being at the entry 
point), and then both the radial and tangential 
velocities become 0, and the entire velocity is 
in the z direction, representing that the gas is 
out of the system. More RPM means higher 1st 
maxima relative to the 2nd maxima and the delta 
between them hence increases. The spin number 
may have gone undefined in this region, but the 
precautions for the same are taken care of while 
post-processing the data using the C program. 

3.3.4. Scale-up:

The structural parameters have been enlarged in 
all directions, keeping the operating parameters 
like RPM constant. The Q values have been 
modified such that the same radial velocity is 
supplied in all the cases. In all the x, y, and z 
directions, if all the lengths (l) are increased by 
the factor, say, “w,” giving the final length as 
‘w*l’, then the corresponding volume will be 
“w3*V,” where “V” is the volume equivalent for 
the length (l). 
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While plotting the curves, the radial distance 
of the biggest machine is taken as the basis for 
the calculation of fractional radial distance. 
The maximum and average spin numbers and 
the range (R-rt) increase with scaling up. As 
the volume increases in comparison to smaller 
machine sizes, there is a distinct minimum 
between the two maxima.The locus of the 
maximum spin number is connected by the 
dotted line (R2=1), the corresponding equation is 
as follows:

4.	C onclusions:

As the cut diameter of the product from the 
jet mill is dependent on the spin number, the 
distribution of spin number across the geometry 
is crucial to be known. In reality, the two-
phase flow of particles and the fluid is dilute 
and essentially fluid impact on particles is the 
major contributor (1 way coupling). The single-
phase simulations of air in the mill are carried 
out on the basis of structural and operational 
parameters and their effects on the spin number 
are examined. The results are valid considering 
that the particles in the mill are way too small to 
deviate from the gas flow. The flowrate is kept 
within the range of actual mill operation. The 
following are the inferences from the study.

1.	 Higher chamber radii are favoured for the 
higher spin numbers and they are maintained 
over longer ranges (R-rt), the same is 
experimentally verified. The chamber height 
poses no variation on spin number.

2.	 Smaller classifier tube radiuses are favoured 
for bigger ranges (R-rt) while the maxima of 
the spin number stay constant. Spin number 
can be considered independent of classifier 
height.

3.	 For higher spin number (Vt/Vr) more 
tangential velocity and less radial velocity 
components are beneficial. So, in similar 
lines higher peripheral surface RPM and 
lower radial flow rate (Q) favour higher spin 
number.

4.	 Higher fluid kinematic viscosities will lead 
to more rapid drop of spin number towards 
the center while identical maxima at the 
periphery. 

5.	 Extending the current study for scale-up on 
the basis of spin number alone, leads to the 
fact that bigger machines favour higher spin 

3.3.4.  Effect of Fluid Kinematic Viscosity:

The effect of fluid kinematic viscosity has been 
prominent in this study. As evident, from the 
curves as the viscosity is increased from the 
base case configuration of 1.6e-5 to 100e-5 m2/s 
and the simulations were run for 1sec of the 
process time, it can be observed thatthe curves 
at higher kinematic viscosities possess higher 
average slope. The reason being, that the effect 
of tangential component of spin number is 
damped, more in the fluid with higher viscosity 
while reaching towards the centre compared to 
less viscous fluid. 

Analysis of spin number variations in a spiral air jet mill using single 
phase CFD simulations

Fig. 11. Spin Number variation with Fluid Kinematic 
Viscosity.
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numbers and over longer ranges, the locus 
of the maximum spin numbers follow a 
linearity.

6.	 The linearity relation for the locus of 
maximum spin numbers for the cases of 
variable chamber radii and machine scale-up 
are obtained.

7.	 The combo of OpenFOAM and the in-house 
C code for writing utilities to post-process 
the data was found advantageous. 
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1.	I ntroduction

Lead zirconatetitanate (PZT) based piezo-
ceramics have been widely used in the 
manufacture of actuators, sensors, transducers, 
and other electromechanical devices because 
of their excellent piezoelectric properties [1]. 
However, PZT ceramics contain about 60% of 
toxic lead. Due to its volatility and high vapor 
pressure, it is released into the atmosphere 
during sintering, causing serious environmental 
and health problems. Another cause for concern 
is its disposal at the end of the life cycle [2]. 
Considering health concerns on account of Pb 
toxicity, governments world over have enacted 
laws that ban the use of lead in the manufacture 
of many products. Until now, materials based on 
PZT have dominated the industry of piezoelectric 
ceramics. Hence, there is a need to replace lead 

Abstract: The availability of advanced materials has enabledthe development of new gadgets for household 
appliances, automobiles, and strategic/smart devices. In the race for such developments intertwined with 
commercial gains, toxicity of the component elements and resultant materials became secondary. One such 
successful example is the advent of Pb-based piezoelectric materials with its inherent toxicity effect on humans 
and the environment. In the functionality of inter-converting mechanical and electrical energy, commercially 
established piezoelectric materials like PZT address a wide range of applications, such as actuators, sensors, 
and transducer devices. Significant efforts have been directed in recent times towards eliminating lead from 
piezoelectric ceramics. However, to date, the best lead-free piezo ceramics synthesized in the research laboratories 
have not yielded compositions with useful piezoelectric properties so that they may readily replace the well-
established commercial compositions of PZT. Thus, the problem of Pb pollution during fabrication, use and 
burial lingers on. In the present work, our efforts are focused on developing Pb-free piezoelectric material with 
properties matching closely with that of PZT and identifying the figure of merit for non-resonant applications 
similar to that of a PZT composition, for a direct and easy replacement of lead-based elements in existing devices, 
without entailing any other design changes and fabrication protocols. We have successfully demonstrated such 
one-to-one replacement in spark igniter and piezo buzzer.

Keywords: Ceramic, Ferroelectric, Pb-free, non-resonant, Spark igniter, Piezo buzzer

in the field of piezoelectric ceramics and limit 
environmental pollution. Eventhough a lot of 
literature on lead-free ferroelectric ceramics 
is available, deeper research leading to the 
application is needed to substitute lead-based 
materials in devices. Lead-free ferroelectric 
ceramics based on alkali niobates is one of the 
most promising materialsand is asubject of 
growing interest. Our approach has beento 
develop and/or modify environmentally safe 
piezoceramics with properties matching closely 
with PZT and which may replace specific piezo 
products. We believe this is achievable through 
the identified figure of merits (important material 
parameters) for a chosen application. We believe 
this will allow us to maintain the superiority 
of the piezo material performance when a 
specific piezo component is replaced directly in 
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a commercial PZT based device. In the present 
work, lead-free eco-friendly Na0.4K0.1Bi0.5TiO3 
(NKBT) ceramic is chosen due to its high 
electromechanical coupling (0.54), high Curie 
temperature (320o), and excellent mechanical 
properties [3], [4]. In order to implement our 
objective, two applications of piezoceramic 
which are operated in non-resonance mode are 
considered. First is a spark igniter, a device that 
generates sparks on an application of mechanical 
force. This device works on direct piezoelectric 
effect, and PZT-4 is the current choice of material 
in this device. The second application is a piezo 
buzzer, in which a piezo disk is used (Fig 1). If a 
piezo disk is attached to a metal diaphragm, it 
becomes a speaker that can be used to create a 
high-pitched tone. The large bending caused due 
to theapplication of an electric field generates the 
sound of various tones. Arduino microcontroller 
can be used to play multiple tunes from the 
piezo buzzer. This piezo buzzerhas applications 
in shock detection, microphones, accelerometer, 
musical pickups,and in ultrasound imaging.

2.	E xperimental work

Na0.4K0.1Bi0.5TiO3 solid solution ceramic was 
prepared by solid-state reaction method. 
The detailed processing route is mentioned 
elsewhere [5]. Though the synthesis approach 
followed in this work is an established process, 
the repeatability of the properties is highly 
dependent on ensuring careful processing 
conditions.A spark igniter and a piezobuzzer 
wereprocured from the market and the piezo 
crystals present in it were removed. These piezo 
crystals were characterized by various techniques 
to identify the exact material used in these 
applications. XRD patterns of these removed 
piezo crystals and prepared NKBTceramic were 
collected using a powder X-ray diffractometer 
(PANalytical, USA) in the 2θ range of 20° – 80° 

with the step size of 0.020o at room temperature.
The prepared NKBT ceramic is used in place of 
existing piezo crystals in the above stated devices. 
The performance of the devices was evaluated 
with this one-to-one replacement. For the spark 
igniter, the cylindrical samples of dimension 
(5 mm diameter and 10 mm height) were 
prepared. For buzzer application, disc shape 
samples of dimensions (20 mm diameter and 
0.2 mm thickness) were prepared. The prepared 
piezoelectric disk was bonded to the brass 
plate with silver epoxy from MG Chemicals© 
(8331s-15g syringe). The schematic of the same is 
shown in Fig 1. The bonding layer was made as 
thin as possible. This bonded assembly was kept 
undervacuum for 15 min to remove any trapped 
air at the bond and cured at 80o for 1 h. The top 
surface of the piezoelectric disk was brushed 
with a silver electrode using n-butyl acetate as 
thinner for silver containing ink (SPI# 05002-
GA). Later,the NKBT samplewas poled at a DC 
field of 25 kV/cm at RT for 30 minutes in a silicon 
oil bath, using a high-voltage DC power supply 
(Aplab, H5K02 N). The planar electromechanical 
coupling factor (kp) is calculated using the 
resonant and anti-resonant frequencies obtained 
from the impedance vs frequency spectrum. 
These spectra were recorded on a dielectric 
impedance analyzer (Novocontrol Alpha High-
Resolution Dielectric Analyzer) for silver-coated 
poled-NKBT sample and piezo crystals from 
spark igniter and buzzer.P-E hysteresis loops 
were measured on a ferroelectric analyzer 
(TF Analyzer 2000, Aixact, Germany) using a 
triangular waveform at 1 Hz. The dielectric, 
ferroelectric and piezoelectric properties of all 
three samples (each from spark igniter, buzzer 
and prepared NKBT) were recorded and 
compared. The piezoelectric buzzers were tested 
using the Arduino microcontroller at an input 
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voltage of 5 V. The sound pressure level was 
measured in dB (Decibel) using the Sound Meter 
app.

3.	R esults and Discussion

3.1	P hase analysis (XRD)

The XRD patterns of NKBT ceramic, piezo 
crystals from spark igniter and buzzer in the 
2θ range of 20° to 80° with a step size of 0.02° 
are displayed in Fig 2. The XRD pattern of 
NKBT pellet sintered at 1150oC/ 3h confirms the 
expected perovskite phase formation without 
any impurity. The obtained pattern of NKBT 
matches well with the ICSD 98045 database 
and verifies the MPB composition with the 
coexistence of rhombohedral and tetragonal 
phases, which is necessary to obtain superior 
piezo properties. The recorded XRD patterns 
of piezo crystals from the spark igniter and 
buzzer match with PDF#70-4364 and PDF#70-
4571 database which identifies these materials 
as PZT-4 and PZT-5H ceramics, respectively. 
PZT-4 is ahard piezoelectric ceramic, where 
the domain mobility is low. PZT-5H is a soft 
piezoelectric ceramic, where the domains can be 
easily switched with external parameters such as 
electric field, mechanical force and temperature.

3.2. Resonance and anti-resonance measurement

It is well known that the domains are 
randomly oriented in as-sintered ferroelectric 
polycrystalline ceramics. As a result, the net 
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Fig. 1. Schematic of piezoelectric disk buzzer made with 
same dimensions for one-to-one replacement.

Fig. 2. Room temperature X-Ray diffraction patterns of 
NKBT, PZT-4 and PZT-5H ceramics.

Fig. 3. Frequency dependence of impedance (Z) magnitude 
and phase angle (φ) for the (a) NKBT, (b) PZT-4 and  

(c) PZT-5H ceramics.

spontaneous dipole moment is zero. Thus, 
in order to observe the intrinsic piezoelectric 
character, a ‘poling’ process is mandatory. 
Electrical poling is a process by which upon 
application of an external electric field, materials 
with random ferroelectric domain orientation 
become polarized with a non-zero polarization 
developed along the direction of the applied 
field. To know the extent of domain wall 
motion (poling) with respect to electric field and 
temperature, electrical impedance |Z| studies 
were performed as shown in Fig 3.

When a piezoelectric material is exposed to an 
AC electric field, the ceramic material changes 
dimensions cyclically at the cyclic frequency of 
the field. The frequency at which the ceramic 
material vibrates most readily, and converts the 
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Fig. 4. Comparison of room temperature data,  
(a) Dielectric constant; (b) PE hysteresis loops of NKBT, 

PZT-4 and PZT-5H ceramics.

electrical energy input into mechanical energy 
most efficiently, is the resonance frequency. The 
minimum impedance frequency is the resonance 
frequency, fr. and the maximum impedance 
frequency is the anti-resonance frequency, far. 

It can be seen from Fig 3(a), the NKBT ceramic 
is fully poled. The hard PZT-4 (Fig 3(b)) and 
soft PZT-5H (Fig 3(c)) piezo crystals from the 
procured commercial spark igniter and buzzer, 
respectively, showed a high order of poling. 
The hard PZT-4, which contains acceptor ions 
shows a higher impedance in comparison to the 
soft PZT-5H ceramic. Since the soft PZT contains 
donor ions, which are responsible for the lower 
impedance. Also, the resonance frequency for 
the soft PZT-5H is smaller than for the hard 
PZT-4. However, in impact applications (spark 
igniter), operation at resonance frequency is not 
required. In a piezoelectric buzzer, since the 
piezoelectric disk is attached perpendicular to 
the poled direction, the disk undergoes flexure. 
A thinner disk coupled with a thin diaphragm 
undergoes more flexure since it requires a 
lower load for a required displacement than a 
thicker device. Consequently, a higher voltage 
is required for the thicker device for the same 
sound pressure level. It is also to be noted 
that resonance frequency will increase as the 
thickness decreases corresponding to the change 
in the capacitance of the material. The audible 
frequency range of humans is 20 Hz to 20000 
Hz. So it is not possible to operate the buzzer at 
resonance for any of the piezoelectric materials 
studied in this work.

3.3. Dielectric and ferroelectric measurements - 	
       εr and PE Hysteresis loop

Figure 4(a) compares the room-temperature 
dielectric constant of NKBT, PZT-4, and PZT-
5H ceramics as a function of frequency. The 
fluctuation in data points at higher frequencies 

is associated with resonance phenomena. Being 
a soft ferroelectric system, PZT-5H shows the 
highest dielectric constant. The high value of εr is 
utilized in capacitors, and coolants (mineral oil).
The variation of εr as a function of temperature 
was also measured for all three ceramics to 
determine the corresponding Curie temperature 
(TC). 

Figure 4 (b) shows the room - temperature 
polarization vs electric field (PE) hysteresis loops 
measured on NKBT, PZT-4 and PZT-5H ceramics 
under an applied alternating electric field of 50 
kV/cm at 1 Hz. It’s known that the PE loop is 
a fingerprint of ferroelectric materials. Hence, 
the obtained well-saturated and symmetric PE 
hysteresis loops exhibited the typical ferroelectric 
nature of these ceramics. A larger coercive field 
of 28 kV/cm for NKBT in comparison to PZT-
based ceramics implies the hard ferroelectric 
nature of NKBT. The properties of NKBT and 
PZT ceramics are given in Table 1. A higher 
EC in PZT-4 than that of PZT-5H, classifies 
the PZT-4 ceramic as a hard ferroelectric. The 
higher EC property of PZT-4 is utilized in high-
power ultrasonic and sonar applications [6]. 
Smaller EC for PZT-5H is attributed to the higher 
domain mobility. In severalapplications such as 
thickness gages, accelerometers, hydrophones, 
and musical pick-ups, a smaller EC is useful.
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In one to one replacement of PZT-4 and PZT-
5H ceramics by NKBT ceramic from the spark 
igniter and piezoelectric buzzer, respectively, 
the following observations are made:

•	 A viable spark is obtained from the spark 
igniter with the replaced NKBT ceramic. 
A high g33 coefficient of NKBTmade this 
replacement strategy successful in the spark 
igniter.

•	 An audible tune with 30 dB is attained from 
the piezo buzzer with the replaced NKBT 
ceramic. However, the piezo buzzer with 
PZT-5H crystal responds with 42 dB audible 
tune. A low value of d*33 coefficient of NKBT 
is the reason for its inferior performance 
compared to the PZT-5H. However, NKBT 
ceramic can be used to replace PZT-5H from 
the buzzer, where an audio tune of less than 
or up to 30 dB is required.

4.	C onclusions

Developing new materials, without toxic 
elements to substitute existing devices, is 
a workable strategy. A good agreement in 
properties is observed between NKBT and hard 
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Table 1. Property comparison of NKBT, PZT-4 (hard) and 
PZT-5H (soft) ferroelectric ceramics.

Properties 
Material systems 

NKBT PZT-4 PZT-5H 

Dielectric constant, εr at 1 kHz 910 1100 1900 

Curie temperature ( ) 300 320 230 

Remnant Polarization, Pr(µC/cm2) 39 38 41 

Coercive field, EC (kV/cm) 28 17 11 

Piezoelectric charge coefficient, d 33 (pC/N) 198 430 610 

Piezoelectric strain coefficient, d* 33 (pm/V) 326 - 650 [7] 

Piezoelectric voltage coefficient, g 33 x10-3 (V.m/N)  40 20 [8] 23 

Coupling coefficient, Kp  0.54 0.58 [9] 0.74 [10] 

Young’s  Modulus, E (GPa) 102 68 [11] 60 [12] 

Fracture toughness, KIC (MPa.m0.5) 1.6 1.2 - 

Compressive strength (MPa) 220 140 - 

PZT-4 ceramics, unlike soft PZT-5H ceramic. A 
one-to-one replacement of material is made in 
a spark igniter and piezo buzzer. A successful 
replacement of PZT-4 is demonstrated in the 
spark igniter. The NKBT buzzer could not reach 
the performance of PZT-5H buzzer. However, 
the applications requiring a maximum sound 
pressure level of (SPL) of 30dB, the NKBT buzzer 
can be used.
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