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ABSTRACT

The measurement data and a general approach to the analysis of the field dependencies of magnetization
of the hybrid SiC/Si structure grown by the vacancy method of coordinated substitution of atoms (VMCSA)
are presented. The experimental results can be interpreted as a set of additive contributions to the
magnetization of the sample. The analysis of the field dependences of magnetization allowed us to identify
a presence of paramagnetic impurities in the sample under study and an inclusion that demonstrates
characteristic features of ferromagnetic ordering. It is shown than the value of the specific diamagnetic
mass susceptibility of the main SiC/Si substance determined from experimental data cannot be described
by the simple additive contribution of silicon and silicon carbide.

KEYWORDS

silicon carbide « VMCSA, hybrid structure « SQUID « external magnetic field « magnetization e diamagnetism
impurity ferromagnetism
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Introduction

Silicon carbide is a promising material for the development of semiconductor electronic
and nanoelectronics devices [1-5], having advantages over devices based on pure silicon
[6-12]. SiC thin films can become the basis for integrated circuits, complementing or
replacing silicon [13]. In this regard, the study of the physical characteristics and
properties of silicon carbide [14-20], grown by the developed original methods, is of
particular interest. The presented research involved a sample of the hybrid SiC/Si
structure grown at temperature 1360 °C by the vacancy method of coordinated
substitution of atoms on the surface of n-type monocrystalline silicon (111).

© N.I. Rul, V.V. Romanov, AV. Korolev, S.A. Kukushkin, V.E. Gasumyants, 2024.
Publisher: Peter the Great St. Petersburg Polytechnic University
This is an open access article under the CC BY-NC 4.0 license (https://creativecommons.org/li-censes/by-nc/4.0/)
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The vacancy method of coordinated substitution of atoms (VMCSA) [21] is a natural
development of the method of coordinated substitution of atoms (MCSA), first proposed
and generalized in a series of articles and reviews [22-26], and the process of SiC/Si
structures formation by this method differs significantly from the characteristic processes
of SiC growth on Si surfaces provided by classical methods [27-30].

The use of the MCSA and VMCSA for growing hybrid structures makes it possible to
create materials with bright magnetic [31,32] and other physical properties [33-35] and
features [36,37]. The discovered superconductivity of silicon carbide structures at ultra-
low temperatures [38,39], in particular, motivated the presented experimental work,
devoted to the study and analysis of the field dependences of the magnetization of the
hybrid SiC/Si structure grown by VMCSA, measured at various temperatures.

Materials and Methods

To study the magnetic properties of the sample, a superconducting quantum
interferometer [40,41] Quantum Design MPMS XL SQUID of the M.N. Mikheev Institute of
Metal Physics of the Ural Branch of the Russian Academy of Sciences was used.

The measurements of the magnetization field dependences of the studied hybrid
SiC/Si structure sample were carried out in the SQUID experimental setup [42] in the range
of external magnetic fields up to 25 kOe both direct and reverse polarity with different
magnetic field variation at temperatures of 5, 100 and 350 K. During the measurement
process, the surface of the SiC/Si structure was oriented perpendicular to the direction of
the external magnetic field.

Results and Discussion

To interpret the experimental data shown in Fig. 1, the so-called mechanical mixture
model of the main substances of the studied structure, namely silicon carbide and silicon,
containing impurities in concentrations much lower than the main chemical elements
that form the structure under study, was used. The analysis showed that the measured
field dependences can be described assuming the presence of ferromagnetic inclusions
in the sample and, at the same time, paramagnetic impurities, contribution of which to
the measured magnetization should obey the Curie law.

Thus, we proceeded from the idea that the measured dependences for the hybrid
SiC/Si structure represents the total contribution of the spontaneous magnetization of
ferromagnetic inclusions, the orientational paramagnetism [43] of impurity ions,
increasing as the temperature decreases, and the diamagnetism of the hybrid SiC/Si
structure itself.

Within the framework of the proposed model, the magnetization of the studied
structure can be represented as:

M = fMy + pMy, + dMgic/si = fxrH + XpaH, 1)
where

c
Xpd = PXa + AXsic/si = p? + (1= p — xsicsi» (2)

f and p correspond to the fraction (by mass) of the ferromagnetic and paramagnetic
components (f,p < 1), C is the Curie constant for paramagnetic impurities in the sample
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under study, and s, xp and xsicss; are the corresponding specific ferro-, para- and
diamagnetic susceptibilities.

2,5 [ = 350K
e 100 K
2,0 - i A 5K
15} 8
o A g
D10} A g
b | a A
E 05F 3 8 . 4 A
o KT e [ B
2 0,0 5t -
1°-, 0,5 s TR '
=U,9 - a
= i i . A
4,0 F 8 4
8 A
1,5 + ®
20} L
_2’5 1 1 1 1
-30 -20 -10 0 10 20 30
H (kOe)

Fig. 1. Field dependences of the magnetization of the hybrid SiC/Si structure grown by the vacancy
method of coordinated substitution of atoms at temperatures of 5, 100 and 350 K, respectively

In the region of strong magnetic fields determined from the condition H > N M,
where M; is the saturation magnetization of the ferromagnetic component, and N is the
effective value of the demagnetizing factor, Eq. (1) for ferromagnetic component
saturation can be rewritten as:

M = fM + xpaH = fMg + (5 + dxsicssi ) H, 3)
which allows the analysis of the field dependencies using linear approximation. For the
studied sample of the hybrid SiC/Si structure, the linear approximation was carried out in
the fields with the strength higher than 15 kOe for the dependence measured at 5 K, and
for the field dependences measured at 100 and 350 K in the external magnetic fields that
exceeds 10 kOe. The results of the analysis of the field dependencies shown in Fig. 1 for
the region of strong magnetic fields are given in Table 1.

Table 1. Properties of the sample under study in the region of strong magnetic fields

. N Total para- and diamagnetic
Saturation magnetization, - .
.M., 10° emu/g contributions to the magnetic
Temperature f-Ms, susceptibility, x,q4, 10° cm®/g
For opposite orientations of the For opposite orientations of the
external magnetic field external magnetic field
5K 1.33+£0.03 -1.07 £0.07 -105.3+1.3 933
100 K 1.24 £ 0.04 -1.02 £0.03 -125.0%£1.9 -115.6£2.3
350K 1.32£0.03 -1.08 £ 0.04 -126.2+1.5 -115.5%2.6

Impurity paramagnetism weakens with increasing temperature, which allows us to
separate the paramagnetic contribution of the impurities and the diamagnetic
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contribution of the main component SiC/Si on the field dependences in the region of

strong magnetic fields by means of the linearization of the form:

Txpa = PC + dxsicysi - T (4)
The results of processing the dependence shown in Fig. 2 using Eq. (4) are given in

Table 2.

Table 2. Paramagnetic and diamagnetic contribution properties for the hybrid SiC/Si sample

Magnetic field region Orientational Diamagnetism of the main substance,
paramagnetism, d - Xsic/si» 10° cm’/g
p-C,10° K-cm?/g
Direct magnetic field 105.2 1.7 -126.33+£0.22
Reversed magnetic field 117 £5 -116.4+ 0.4
Average value 1106+ 1.1 -121.28 £0.12
5 > Direct magnetic field polarity
< Reverse magnetic field polarity
0 .. @ Average
5 b~
10t *es
el _15 - >\?\
5
w 20 -
D as|
EE X
2= y
-35 |
-40 - Se |
.9
-45 B
Y71 J S SR bl U A P PRI B B
0 50 100 150 200 250 300 350

T (K)
Fig. 2. Para- and diamagnetic contribution properties of the studied hybrid SiC/Si sample in the
region of strong magnetic fields depending on temperature

It is obvious that the found specific diamagnetic susceptibility of the main SiC/Si component
is less than the values x5 =—228-10"°cm3/g and ygc = —265-10"%cm3/g
for crystalline silicon [44,45] and silicon carbide [45,46] at room temperature,
respectively, which makes it impossible to describe the diamagnetism of the hybrid
structure under study by additive contribution of each component.

The experiment showed that in a weak external magnetic field the magnetization
changes linearly. This observation indicates that the ferromagnetic inclusion found in the
sample under study appears to saturate in relatively weak fields. Analysis of the
experimental dependence in the region of weak magnetic fields corresponding to the
condition H < NM,, in the range from -1.5 to 1.5 kOe, allows us to identify the
ferromagnetic contribution to the susceptibility of the studied sample and estimate the
proportion of the ferromagnetic component as 107 wt. %.
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The presented analysis made it possible to present the experimentally obtained
magnetization field dependences of the hybrid SiC/Si structure as a set of contributions
of various magnetic nature (Fig. 3).

25— ——— A 5K 25 e 100K
2,0 Paramagnetic contribution 2,0+ '] Paramagnetic contribution
. Diamagnetic contribution of the main SiC/Si substance Diamagnetic contribution of the main SiC/Si substance
L
15} 15+ i)
= VO I L A I O R L St —_ ES e G o
Rl . D10 ° <
5 1.0+ - = 3 ° »®
£ 4 A € o5+ . °
@ 05 A A ) . g °
@ A A ? 0.0 I {
o 1 A % Y
T 00 4 A= Weak orientational * °
= - - E 06 |paramagnetism ¢ é
s A 4
-0,5 a -
a ¥ ) s —— .
L e el = = A5 .
151 Ferromagnetic saturation A ! o
2,0 L L L L 25 L L L L
-30 -20 -10 0 10 20 30 -30 -20 -10 0 10 20 30
H (kOe) H (kOe)

(@) (b)

Fig. 3. The analysis of the field dependences of the hybrid SiC/Si structure measured at temperatures of
(@) 5 and (b) 100 K performed within the framework of the proposed mechanical mixture model

Conclusions

The fields dependences of the magnetization of the hybrid SiC/Si structure grown by the
vacancy method of coordinated substitution of atoms were measured on a
superconducting quantum interferometer and studied.

The interpretation of the measured field dependences of magnetization within the
framework of mechanical mixture model made it possible to identify a presence of
paramagnetic impurities obeying Curie’s law in the sample under study and a component
that demonstrates characteristic features of ferromagnetic ordering, as well as to
determine the value of the specific diamagnetic susceptibility of the main substance
SiC/Si.

The field dependences of magnetization in relatively weak magnetic fields allow us
to state with a certain degree of confidence that the observed ferromagnetic contribution
is apparently due to the presence of a highly magnetic component in the sample under
study, the weight fraction of which is significantly less than that of the main substance.

In addition, the measured value of the specific diamagnetic mass susceptibility of
the main SiC/Si component cannot be described by the additive contribution of silicon
and silicon carbide, requiring consideration of an additional paramagnetic contribution,
which is, apparently, unable to reveal itself in the study of field dependences exclusively.

A joint analysis of both the field and temperature dependences of the magnetization
of the studied structure may make it possible to clarify and supplement the proposed
interpretation of the experimental results.
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ABSTRACT

A theoretical model is suggested that describes a mechanism of plastic deformation in high-temperature
ceramic materials containing amorphous intercrystalline layers (AlLs) and pores in triple junctions of AlLs.
Within the model, the plastic deformation is realized through the generation of liquid-like inclusions on
pore surfaces and their subsequent propagation along the AlLs. In the exemplary case of high-temperature
a-ALOs ceramics with AlLs, the dependences of the critical values of the external shear stress for the
formation of a liquid-like inclusion on deformation temperature in a wide range of the deformation
temperatures from 300 to 1500 K are calculated. It is shown that the critical stress for the nucleation of a
liquid-like inclusion strongly depends on the deformation temperature and weakly depends on the pore
size.

KEYWORDS

high-temperature ceramics « amorphous intercrystalline layers e liquid-liked inclusions ¢ pores  deformation temperature
Acknowledgements. This work was supported by the Russian Science Foundation (grant No. 23-19-00236).
Citation: Gutkin MYu, Krasnitckii SA, Skiba NV. Formation of liquid-like inclusions near pores in amorphous
intercrystalline layers in high-temperature ceramics. Materials Physics and Mechanics. 2024;52(6): 8-16.
http://dx.doi.org/10.18149/MPM.5262024 2

Introduction

The unique mechanical properties of high-temperature ceramics, such as very high
strength, hardness and wear resistance at elevated temperatures, make these materials
extremely promising for practical use [1-3]. According to experiments [4-6] and computer
modeling [7-10], these properties are largely determined by the state and behavior of
intercrystallite boundaries. Typically, these intercrystallite boundaries are layers of
amorphous material with covalent interatomic bonds. The outstanding mechanical
properties of the ceramic composites with the amorphous intercrystalline layers (AlLSs)
[11,12] has stimulated growing interest in this class of materials. However, the
experimental investigations of the AIL evolution are extremely complicated and laborious
due to their small size. A significant role is played by computer simulations [7-10] and
analytical theoretical models [13-20].

In particular, Glezer and Pozdnyakov [13,14] proposed the concept of grain
boundary microsliding (GBMS) modeling the GBMS region as an inclusion in the form of
an oblate ellipsoid. Later, a number of works [8-10] appeared on computer modeling of
the mechanisms of plastic behavior of the AlLs in amorphous silicon as a typical
amorphous covalent material. The authors of these works showed that the atomic
structure of the amorphous silicon included liquid-like and solid-like regions. In this case,
the area of the liquid-like phase increases with increasing mechanical load, which
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indicates that the areas of the liquid-like phase are carriers of plastic deformation in the
amorphous silicon.

With the help of the results of computer modeling [8-10], some theoretical models
[17-20] were developed that describe micromechanisms of the formation of the liquid-like
inclusions under the action of an external shear stress in the grain boundaries (GBs)
between the adjacent triple junctions. In the framework of these theoretical models, the
enhancement of the plastic deformation in the ceramic composites with AlLs was realized
due to the formation of the liquid-Llike inclusions near the triple junctions of the AlLs [17],
due to the nucleation of nanocracks on the liquid-like phase inclusions [18], due to the
liquid-Llike inclusions overcoming the triple junctions of the AlLs and the penetration into
a neighboring AIL [19], and due to nucleation and the extension of the liquid-Llike inclusions
in the AlLs with the subsequent emission of lattice dislocations from the triple junctions of
the AlLs and the glide of these dislocations into the bulk of a neighboring grain [20]. In the
models, the liquid-like inclusions and their elastic fields were modeled by gliding
dislocation loops [17,18] and dislocation dipoles [19,20] with increasing Burgers vectors. It
is worth noting that these models [17-20] considered the nucleation of the liquid-like
inclusion at the triple junctions of the AlLs that did not contain other defects.

However, it is well known that the most ceramic materials are characterized by high
porosity, which significantly reduces their fracture toughness and ductility characteristics
[21-25]. In these circumstances, it is important for the practical use to develop
mechanisms for increasing the fracture toughness and the ductility of high-temperature
ceramic composites with high porosity.

Thus, the main aim of this work is to develop a micromechanism of the
enhancement of the plastic deformation in the high-temperature ceramics with AlLs
through the nucleation and the extension of the liquid-like inclusions near the triple
junctions of the AlLs containing pores.

Model

Consider a cylindrical pore of radius Ry placed in an equilibrium triple-junction of GBs
with amorphous structure in a ceramic sample of a-ALOs. It is supposed that the stress
disturbance in vicinity of the pore induced by the remote shear stress tis responsible for
the nucleation and the subsequent propagation of the liquid-like inclusion along the GB
as it is shown in Fig. 1.

The analysis of critical conditions for the formation of the liquid-like nucleus can

be provided in the framework of the quasi-equilibrium energetic approach. According to
this approach, the energy change due to the formation of the liquid-like nucleus is
determined as follows:
AW = Wy + AH -A, (1)
where W is the strain energy of the liquid-like nucleus generated on the pore surface,
AH is the enthalpy increment due to the transition from the liquid to the solid phase [20]
and A is the work done by the external shear stress .

The analytical expression of the first term in Eq. (1) is derived in this study. In doing
so, the plastic shear inherent to the liquid-like nucleus is modeled by the dipole of edge
dislocations with the variable Burgers vectors +s (ts-dislocation dipole). Within the
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model, the first dislocation is placed in the pore center while the second one is located
at the distance L from the pore surface (see Fig. 1). The corresponding strain energy of
this dipole can be determined as a virtual work done by its own stress field on the plastic
sliding (see, for example [26]):

S rRo+L 1 2
Wee =3 [ Togy) + 0y 1dx, 2)
where 03531,) and a( )are the shear stresses of the dislocations forming the dipole

(hereinafter the Carte5|an coordinate system (x,y) with the origin in the pore center and
the x-axis directed along the GB with the liquid-like nucleus is applied). Equation (2) can
be rewritten in terms of the Airy stress functions so that:

_[a)h aXz]x=R°+L y=0 (3)
0yl g, y=o
where x1 and y; are the Airy stress functions of the dislocations. It is worth noting that the
Airy stress functions for linearly elastic and isotropic bodies containing dislocations are
well-studied and widely referred in literature [27]. For instance, the Airy stress function of

an edge dislocation symmetrically placed in the center of a cylindrical pore can be cast as:
sG

X = T 2m(1- v)y(z 2T lnr) (4)
where G and v are the shear modulus and the Poisson ratio, respectively, r is the radial
coordinate with respect to the pore center.

NG N

Liquid-like

st = +

GB
Pore

GB /

Fig. 1. A liquid-like inclusion emitted by the pore in a triple junction of the grain boundaries (GBs)
under the external shear stress t. The Cartesian (x, y) and polar (r, ¢) coordinate systems associated
with the pore center are shown

As for the dislocation located at a distance d = Ry + L from the pore center, the Airy
stress function can be given by:
SG 1R; 277 Ty
X2 = 5rasy v)y(2r2(1 dazr. 2)+l r) )

2
where the following denotations are introduced:

= /12 +d? — 2rd cos ¢, (6)
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r, = Jrz + (Ro%/d)? — 2rRy%/d cos ¢. 7)

Subsisting Egs. (4) and (5) in Eq. (3), one can finally obtain the analytical expression
of the strain energy of the +s-dislocation dipole ejected by the cylindrical pore in the form:

2
We, L(—1 +2 ln“if—"*”) 8)

- 8m(1-v) olc
where r.is the radius of the core of the second dislocation.

In further calculations, the parameter r. is taken equal to the interatomic distance
in a-ALOs ceramics: a=0.27 nm [28]. It is worth mentioning that the effect of the
decrease of the shear modulus G at elevated temperature can be incorporated into Eq. (8)
by utilizing the experimental approximation for a-Al,Os ceramic which is valid over a wide
range of the temperatures [29]:

G(GPa) =169 - 0.0229 T, 9)
where T is the temperature given in degrees Celsius. As for the Poisson ratio, it weakly
depends on the temperature so that one can take v = 0.23.

Table 1. Temperature dependence of the specific enthalpy of a-Al;Os ceramics
Temperature, K 300 | 400 | 500 | 600 | 700 | 800 | 900 {1000|1100|1200|1300|1400|1500
Specific enthalpy of
solid-like phase, 10.2 | 19.0 | 29.1 | 40.1 | 51.6 | 63.5 | 75.6 | 87.0 |100.6{113.3|122.1|139.1|152.3
kl/mol
Increment of
specific enthalpy
from solid to liquid
phase, kl/mol

50.1 ({905 |14.6 | 20.1 | 25.8 | 31.8 | 37.8 | 43.5 | 50.3 | 56.7 | 61.1 | 69.6 | 76.2

Turn now to the enthalpy term in Eq. (1). The experimental data on the enthalpy of
solid-like phase H, of a-Al,Os ceramic are available in literature (see, for example, [30]),
whereas the enthalpy of liquid-like phase H;has not been thoroughly investigated. To avoid
a lack of experimental research, one can estimate the unknown enthalpy of the liquid-like
phase as H; = 1.5H», whence for the increment of enthalpy due to the transition from solid
to liquid phase is valid AH = H; - H,~0.5H,. This approximation is in good agreement with
experimental measures for Si ceramics in a wide range of temperatures [17]. The values of
specific enthalpies of solid- and liquid-like phase, and increment of specific enthalpy in
dependence of the temperature employed in the calculation below are given in Table 1.
Finally, the enthalpy increment in Eq. (1) can be calculated in a similar way described in
our previous work [20] with taking into account the data of Table 1 and the fact that the
width of the liquid-like nucleus takes the average value h=4a.

The last term in Eq. (1) is the work done by external forces on the formation of the
liquid-like phase and can be defined as follows:

A=t1sL. (10)

Thus, all terms in Eq. (1) are defined. The section that follows moves on to the
analysis of the energy change accompanying the formation of a liquid-like nucleus at
the pore surface (Eq. (1)) under different temperature conditions.
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Results

As mentioned above, the formation of the liquid-like inclusion is one of the effective
mechanisms of plastic deformation in ceramics with the AlLs such as a-Al,Os. Besides, it
was noting that the porous structure of the sintered ceramics can significantly affect the
initiation of the plastic deformation. In order to investigate the contribution of the latter
factor to the nucleation of a liquid-like inclusion, the quasi-equilibrium energetic model

is suggested.

a b
2 2
r=0.1GPa L
1r 1r r=16GPa
S e |
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Fig. 2. The energy change accompanying the evolution of a liquid-like nucleous in vicinity of the pore of
radius Ro = 100a. The dependences of AW on the normalized length L/a are given for the plastic shear
s =0.1aq at different values of the remote stress t for two temperatures: (@) 7= 300 K and (b) 7= 1500 K.
Maps of AW in dependence on the normalized nucleus size L/a and its plastis shear s/a are given for two

critical stress values: (c) 72°K~ 1.1 GPa and (d) t2°° ®~ 4.6 GPa. The energy values on the maps are given
in units of eV/nm forv=0.23 and a=0.27 nm

According to this model, the energy change due to the formation of the liquid-like
nucleus at the cylindrical pore surface is determined by Eq. (1). Figures 2(a,b) illustrate
the energy change AW(L) profiles obtained by Eq. (1) for quite low values of the plastic
shear inherent to the liquid-like nucleus s=0.1a. The curves AW(L) are given for pore size
Ro=100a and for different values of the remote shear stress t in the cases of relatively
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low temperatures (Fig. 2(a) for 7= 300 K) and relatively high temperatures (Fig. 2(b) for
T=1500 K). As it is seen from the figures, the formation of the liquid-like inclusion is
energetically favorable if the energy change becomes negative W(L=2a) < 0 (hereinafter
L = 2a is taken as the smallest size of the nucleus). In other words, the shear stress t
should exceed some critical value t, depending on the temperature conditions. For
instance, the critical stress value t,.~ 1.1 GPa for T=300K, while t,~ 4.6 GPa for
T=1500 K. It means that the formation of the liquid-like inclusion is inhibited at elevated
temperatures. This fact can be elucidated by the intrinsic features of a-Al,O3 ceramic viz.
The enthalpy contribution to the energy change of the process increases with the
temperature growth.

The evolution of the liquid-like nucleus is demonstrated with the dependences of
the energy change AW on the nucleus size L and its plastic shear s that are given for the
critical stress values t32°K and 7220 (see Fig. 2(c,d), respectively). The most preferable
pathway of the nucleus evolution is depicted in the figures by the solid black line
corresponding to the minimal values of the energy change starting from the initial values
of parameters L = 2a and s = 0.1a. What stands out from Figs. 2(c,d) is that, at the initial
stage of the nucleus evolution, the nucleus has a tendency to accumulate the plastic
shear until it reaches some value so (So~ 0.3a for 7= 1500 K) conserving the size L=2a.
At the next stage, the nucleus tends to evolve with increasing both the size L and the
plastic shear s. It is worth mentioning that, at this stage, the size of the nucleus L almost
linearly depends on the plastic shear s. The slope of these curves is strongly impacted by
the temperature. For instance, for nucleus with L =100a, the value of plastic shear is ~0.8a
for T=300 K while for T=1500 K, the plastic shear is significantly bigger: ~2.4a. The
slope value of the curve L(s) is of great interest as an input for analyzing some more
complicated mechanisms of the plastic deformation in ceramic materials such as the
dislocation emission initiated by the liquid-Llike inclusion [20].

a b
T T T T T T 1.0
5 =
Ro/a=3
T=1500K
09 r
4r 900 K
=3 ~ 0.8
~ S
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2 F 0.7r
300 K
1 1 1 1 1 1 1 0.6 1 1 1 1 1 1
400 600 800 1000 1200 1400 0 20 40 60 80 100
T,K Ro/a

Fig. 3. The dependence of the critical stress t., for the formation of a liquid-like nucleous on (a) the
temperature T and (b) the pore radius Ro. The critical stress is given in units (a) of the critical stress 390K
determined for different values of the pore radius Ro = 3a, 10a and 100a and (b) of the critical stress to;

for the pore-free case obtained for different values of the temperature T = 300, 900 and 1500 K
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The effect of temperature on the critical shear stress of the formation of liquid-like
inclusion is demonstrated in Fig. 3(a). The figure shows the dependences of t.(7) for
different values of the pore radius Ro = 3a, 10a and 100a. As is seen from the plots, the
critical stress gradually increases with the temperature growth. Hence, the nucleation of
the liquid-Llike inclusions probably occurs at relatively low temperatures rather than at
high temperatures. Besides, one can note that the effect of the pore facilitates the
formation of the liquid-like nuclei i.e. the bigger the pore size, the lower the critical stress
for the liquid-like nuclei formation.

Figure 3(b) illustrates the ratio of the critical stress t., for the case with the pore to
that one 1o for the case without pore in dependence of the normalized pore radius Ro/a
for three different temperatures: T= 300, 900 and 1500 K. The plots sharply drop in the
interval of relatively small Ro/a (Ro/a < 15) and then tend to some constant values for
bigger Ro/a (Ro/a > 15). These constant values estimate the reduction of the critical stress
in the case of relatively big pores (Ro/a > 15) under different temperature conditions. For
instance, the reduction of the critical stress reaches ~8 % at elevated temperatures
(T=1500K), ~14 % at relatively middle temperatures (T =900 K) and ~35 % at low
temperatures (T = 300 K). Thus, the temperature of deformation significantly affects the
decline of the critical stress 1 viz. the lower the temperature the bigger the stress falling.

Conclusions

In summary, a theoretical model of a new micromechanism of the plastic deformation in
the high-temperature ceramic composites with pores in triple junctions of amorphous
intercrystalline layers (AlLs) is developed. Within the model, the plastic deformation of a
ceramic sample occurs through the emission of nuclei of the liquid-like phase from the
triple junction of the AlLs containing a pore under the action of the external shear stress.
The energy characteristics of the generation of liquid-like phase nuclei at the AlL triple
junctions containing pores are calculated. In the exemplary case of a high-temperature
a-Al,Os nanoceramics, the critical stresses for the formation of a liquid-like inclusion at
the cylindrical pore in the AlL triple junction for wide temperature range are determined.
The temperature dependences of these critical stresses are plotted for different sizes of
the pore.

Thus, the model shows that the plastic deformation in high-temperature ceramic
composites with pores in the triple junctions of the AlLs can effectively occur through the
generation of liquid-like inclusions on the pore surfaces and their propagation along the
AlLs, thereby increasing the crack resistance and plasticity of these composites.

In addition, this model can serve as an effective basis for comparative analysis of
the possibility of the implementing other mechanisms of the plastic deformation
enhancement and the fracture, such as the emission of the lattice dislocations from the
triple junctions of the GBs containing pores and the generation of nanocracks on pores.
The development of models describing the action of these alternative mechanisms of the
plasticity and the fracture in the high-temperature ceramic composites is the subject of
our future research.
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ABSTRACT

The influence of lateral mechanical stresses on the crystal structure, microstructure and dielectric
properties of spherulitic thin films of lead zirconate titanate is studied. The composition of lead zirconate
titanate corresponded to the region of the morphotropic phase boundary. In thin films, the perovskite phase
was formed during high-temperature annealing of amorphous films deposited by RF magnetron sputtering
of a ceramic target on a cold silicon substrate. The deformation of the crystal lattice caused by the change
in density during crystallization of the perovskite phase in the films changed with an increase in the area
of spherulitic blocks with a variation in the target-substrate distance during their deposition. An increase
in mechanical stress led to a linear rotation of the crystal lattice and a change in its parameters, as well as
to a change in the microstructure of thin films. Based on the temperature dependences of the reverse
dielectric permittivity, changes in the temperature of structural phase transitions in the films were revealed.
KEYWORDS

lead zirconate titanate thin films « morphotropic phase boundary ¢ spherulitic microstructure  mechanical stresses
Acknowledgements. The work was supported by an internal grant of the Herzen University, No. 25 VN.

Citation: Pronin VP, Ryzhov |V, Staritsyn MV, Senkevich SV, Kaptelov EYu, Pronin IP. An influence of
mechanical stresses on the phase state of spherulitic thin films of lead zirconate titanate. Materials Physics
and Mechanics. 2024;52(6): 17-26.

http://dx.doi.org/10.18149/MPM.5262024 3

Introduction

In recent years, an interest in thin films with spherulitic structure has been caused by both
their increasing use in various practical applications and the development of multi-stage
technologies based on the deposition of amorphous films at low temperatures and their
subsequent multi-stage heat treatment. During heat treatment, crystallization of the films
occurs through the formation of individual islands, which often take on a shape close to
round, and are therefore called spherulites. The formation of a spherulitic microstructure is
accompanied by an increase in the density of the films. The consequence of this is their
shrinkage, which leads to a partial relaxation of lateral mechanical stresses acting from the
amorphous or low-temperature intermediate phase. A similar situation is realized both in
thin-film metals and alloys, and in semiconductor and dielectric films [1-8].
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Since the change in the density of films during their crystallization can reach several
percent, the formation of spherulites is accompanied by the appearance of strong lateral
mechanical stresses and strain, Fig. 1. Thus, in hematite films (a-Fe,0s), the strain,
estimated at ~ 0.5%, was accompanied by rotation of the growth axis, the rotation speed
of which reached ~ 100 deg/um [3]. In this regard, such crystal structures are often called
transrotational [3,4] or simply rotational, when the rotation speed was lower and
amounted to fractions or units of deg/pm [5-8].

Fig. 1. Schematic representation of the effect of lateral mechanical stresses
on a perovskite (Pe) two-dimensional island from the pyrochlore (Py) matrix

Until recently, the physical properties of rotational crystals have been practically
unexplored, were mainly descriptive in nature and focused on the study of their
microstructure features. There is even less information regarding thin ferroelectric films,
primarily lead zirconate titanate (PZT) films, which are currently the main materials in
microelectromechanics [9]. As a rule, everything was reduced to recording and describing
the features of the spherulitic microstructure, without studying the nature of their
formation and the role of mechanical stresses [10-14].

The development of new microscopic research methods, such as scanning electron
microscopy, piezoresponse force microscopy, and second optical harmonic generation,
have allowed a number of new results to be obtained in the study of thin-film spherulites.
Thus, effects of lateral-radial self-polarization, an abnormally high second optical
harmonic signal, and recrystallization of the perovskite phase were discovered in PZT thin
films [15-17]. In addition, the phenomenon of electron channeling was discovered in
InSiO and PZT films [7,18]. The objective of this work was to study the influence of
mechanical stresses on the phase state of spherulitic thin PZT films, the composition of
which corresponds to the region of the morphotropic phase boundary (MPB).

Interest in the phase state of PZT solid solutions in the region of coexistence of
rhombohedral (R) and tetragonal (T) modifications of the ferroelectric phase
(morphotropic phase boundary) is associated with anomalously high values of
electromechanical and dielectric parameters, due to which ceramic materials based on
PZT have remained the main materials of piezoelectric engineering over the past 70 years
[19,20]. Thin PZT films find wider application both in microelectromechanics and in
microwave electronics, non-volatile memory, photonics, IR technology, etc. [9,21-24]. At
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the same time, the nature of the anomalously high technical parameters remains not
entirely clear, and the phase diagram of PZT has been refined over the years and is
becoming increasingly complex. Figure 2 reflects one of the most widespread modern
concepts of the MPB, in the region of which the existence of an intermediate ferroelectric
modification of the monoclinic phase (M-phase) at low temperature and its coexistence
with the tetragonal modification above room temperature (shaded area in Fig. 2) are
assumed. Significantly below room temperature, there is a phase boundary that is
responsible for the phase transition associated with either parallel or antiparallel rotation
of the octahedra along one or more orthogonal axes of the cube [19,25,26]. In a number
of other works, for example in [27], a whole cascade of phase transformations of various
modifications of the ferroelectric phase is assumed in the field of MPB.

400+
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-200¢
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Fig. 2. Phase diagram of PZT solid solutions in the region of the morphotropic phase boundary,
according to [19,24,25]

The phase diagram of thin PZT films in the MPB region can be even more complex,
which is associated not only with the features of crystallization of the spherulitic structure
of films from the amorphous phase, but also with the mechanical impact on the film from
the substrate and intermediate sublayers [28,29]. According to theoretical calculations
performed for epitaxial thin PZT films [30], mechanical stresses lead both to a shift
toward an increase in the Curie temperature and to an expansion of the stable state of
the monoclinic modification of the ferroelectric phase in the MPB region.

Materials and Methods

To identify the role of mechanical stresses associated with a decrease in their volume
during the crystallization of the perovskite phase, thin films deposited from a ceramic
target of the PbZros4Tio4603s composition corresponding to the region of the MPB using a
two-stage method of RF magnetron sputtering were studied. Films with a thickness of
about 500 nm were deposited at different target-substrate distances (Dr-s) in the range of
30-70 mm and, as a consequence, differed in the temperature of the substrate heated by
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plasma (90-160 °C), as well as in the average size of spherulitic blocks (15-40 um)
formed by high-temperature annealing at 580 °C [16,31]. The films structure was studied
using scanning electron microscopy in the electron backscatter mode and electron
backscatter diffraction mode (Lira 3 Tescan, EVO-40 Zeiss), X-ray phase analysis 6-26
(Rigaku Ultima IV), and optical microscopy (Nikon Eclipse LV150). An E7-20 immittance
meter and a modified Sawyer-Tower scheme were used to study the dielectric properties.

Results and Discussion

Optical and phase analysis of the formed PZT films showed the absence of parasitic
phases, and the presence of all the main reflections of the perovskite phase in the
diffraction pattern indicated the polycrystalline nature of the crystalline structure
(Fig. 3(@)). In the absence of reflection splitting, it was not possible to identify the
symmetry of the ferroelectric phase. Figure 3(b) shows the dependence of the change in
the lattice parameter of the perovskite structure under the assumption of pseudocubic
symmetry, from which it is evident that the lattice parameter changes abruptly with a
decrease in the target-substrate distance from 60 to 50 mm. Figure 3(c) demonstrates the
change in the full width at half maximum (FWHM) of the (110) peak, which experiences
a jump and correlates with the lattice parameter behavior.
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Fig. 3. Typical 8-26 X-ray diffraction pattern of PZT thin films (a), change in the pseudocubic lattice
parameter (b), change in the FWHM of the (110) reflex (c) and the average area of spherulitic blocks (d)
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100 110

Fig. 4. Crystallographic orientation maps of growth axes of thin films deposited at Dr.s of 30 mm (a)
and 60 mm (b), as well as color coding of growth axes orientations (c)
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Fig. 5. GROD maps of thin spherulitic films deposited at target-substrate distances of 30 mm (a)
and 60 mm (b)
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High-temperature annealing of the deposited amorphous films resulted in the
nucleation and growth of spherulitic islands of the perovskite phase, which formed a
block structure during further growth. Electron images of spherulitic blocks, shown in
Fig. 4(a,b), reflect a radially radiant microstructure. The block area increased with
decreasing target-substrate distance, and this change correlated with the behavior of the
lattice parameter (Fig. 3(d)). The electron backscatter diffraction maps confirm the
polycrystalline nature of the spherulitic films, characterized by a predominant <110>
growth texture.

Figure 5 shows GROD (Grain Reference Orientation Deviation) maps constructed
based on the analysis of electron backscatter diffraction data, in which the change in
color scale characterizes the rate of rotation of the crystal lattice.

Flowing radial color change within a single block or ray (Fig. 6(a)) indicates a
monotonous and close to linear radial rotation of the crystal lattice from the center to its
block periphery (Fig. 6(b)). The range of the rotation rate of crystal lattice of the samples
studied was ~ 0.5-1.5 deg/pm. Thus, the obtained data indicate strain of the crystal lattice
as a result of its rotation. Since the rotation of the crystal lattice occurs with the formation
of dislocations, a partial relaxation of radial mechanical stresses takes place [5]. Similarly,
partial relaxation of tangential component of mechanical stresses occurs with the
appearance of radial boudaries (Fig. 4(b)).
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Fig. 6. Radial rotation of the crystal lattice in a spherulitic block in the direction indicated by the dotted
line

As a first approximation, the maximum strain can be estimated using the equation
for the strain of a flat cylinder:
€ =|grad ¢l t/2, (1),
where € is the relative strain, t is the film thickness, ¢ is the rotation angle [2]. According
to the obtained results, the estimate of the maximum value of € varies in the range of
0.25-0.75 %.

The magnitude of mechanical stresses:
o = Eg, (2),
where E is Young's modulus (equal to 115 GPa [32]), lies in the range of ~ 300-900 MPa,
while the elastic limit for thin PZT films, according to [33], is ~ 500 MPa. Since the rotation
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of the crystal lattice occurs with partial relaxation of mechanical stresses [5], it is
assumed that the actual residual stresses may be significantly less. However, for their
accurate assessment, additional microscopic studies and an adequate model are
necessary.

The study of the temperature dependences of the dielectric permittivity x(T) made
it possible to analyze and evaluate the phase state with a change in the target-substrate
distance and the crystalline parameters of thin films. Figure 7 shows the temperature
dependences of the reciprocal value of the permittivity (1/x), a change in the slope of
which may indicate a phase transformation from one modification of the ferroelectric
phase to another [34]. As can be seen from the graphs, in the range of 20-300 °C (at the
Curie temperature TC ~ 380-400 °C) in all the studied samples, two distinct changes in
the slope on the 1/x(T) curve were observed - the phase transition PT-1 (curve 1) and the
phase transition PT-2 (curve 2), the temperatures of which changed noticeably with
variations in the target-substrate distance.
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Fig. 7. Temperature dependences of the reciprocal dielectric permittivity (1/x) for PZT thin films
deposited at Ds.r of 30 mm (a) and 70 mm (b)
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These changes are reflected in Fig. 8. It is evident that with an increase in the size
of the spherulitic blocks (and mechanical stresses), the temperature of PT-1 decreases
noticeably, which correlates with the phase boundary on the T-e phase diagram in thin
PZT films, which reflects the phase transformation from the ferroelectric rhombohedral
phase to the monoclinic (R—M1) ferroelectric phase with an increase in the deformation
of the crystal lattice € [29].

The interpretation of the low-temperature phase transition (M1—M2) (curve 2) in
the films under study is associated with the presence of a phase transition associated
with the rotation of oxygen octahedra. Such perovskite structures are observed in calcium
titanate perovskite CaTiOs or in the low-temperature phase of strontium titanate SrTiOs.
In ceramic PZT solid solutions in the region of MPB, this phase transition is located below
room temperature (Fig. 2). We believe the presence of strong mechanical stresses in PZT
spherulitic films shifts this phase transition to the region toward higher temperatures by
~ 150 °C or more. To confirm the version, additional studies using highly sensitive X-ray
equipment and a number of new structural methods are needed.

Conclusion

The paper studies spherulitic thin PZT films of composition corresponding to the
morphotropic phase boundary, which were produced by a two-stage method, including
RF magnetron sputtering of a ceramic target onto a platinized silicon substrate (1) and
subsequent high-temperature annealing of the films in air (2). It is shown that a decrease
in the target-substrate distance leads to an increase in the size of the spherulitic blocks,
which in turn leads to a change in the parameters of the crystal lattice, a linear increase
in its radial rotation, and an increase in the rotation rate.

The observed changes confirm the previously made assumptions about the role of
tensile mechanical stresses in the plane of a spherulitic thin film, arising due to the
difference in the densities of the amorphous and crystalline phases. In our case, in thin
PZT films, the difference lies in the crystallization of the perovskite phase from the low-
temperature intermediate pyrochlore phase. The values of mechanical stresses are
estimated, the values of which either reach or exceed the elastic limit of thin PZT films.

Analysis of the slope changes in the temperature dependences of the reciprocal
dielectric permittivity caused by a change in the phase state of thin films made it possible
to reveal the relationship between mechanical stresses and temperature changes in
structural phase transitions occurring in thin PZT films in the region of the morphotropic
phase boundary.
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ABSTRACT

In the present work, pure CuO nanoparticles were synthesized using the co-precipitation method, and their
properties such as structural, morphological, and optical were elucidated. The obtained X-ray diffraction
(XRD) patterns confirm that the synthesized CuO powders crystalize to a monoclinic phase. In addition to
that, the appearance of the broad XRD peaks reflects the confinement of the particle size to nonorange.
The average particle size of the synthesized CuO nanoparticles measured using field emission scanning
electron microscopy (FESEM) image is 36.8 nm. Due to the size confinement to the nanoscale, the
synthesized CuO nanoparticles showed a high optical band gap of 2.84 eV. Further, the emission properties
of CuO measured using photoluminescence (PL) spectroscopy at an excitation wavelength of 300 nm
reflects that most of the emission lies in the ultraviolet (UV) range. However, upon close investigation of
the emission spectra, the peak corresponding to the blue emission was also observed. The appearance of
this blue emission was the consequence of the various defects present in CuO such as oxygen vacancies
and copper interstitials. The Commission Internationale de I'Eclairage (CIE) color coordinates for the blue
color emitted by CuO nanoparticles is (0.15, 0.13), which lies close to the ideal blue color. Further, the
synthesized CuO nanoparticles showed a high color purity of 84.71 % for blue color.
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Introduction

In recent years, nanoscience and thin-film technology have led to the development of new
technologically advanced devices. The major advantages of such devices include
lightweight, non-toxic behavior, highly sensitive response, and high output performance
with minimum losses [1]. Out of the various materials available, inorganic oxide
semiconductors (I0S) are of great interest. IOS materials have a wide optical band gap
range, large mobility values even in the amorphous phase, and serve as suitable host
materials for various dopants [2-6]. Further, a notably enhanced performance of the
devices has been observed for the devices fabricated using I0S nanostructures in
comparison to their bulk counterparts. To date, due to the easy availability of the n-type
metal oxide semiconductors such as zinc oxide (ZnO), titanium oxide (TiO,), tin oxide
(Sn0O,), and tungsten oxide (WOs), the nanostructures of n-type metal oxides
semiconductors have been rigorously investigated worldwide. Numerous high-tech devices
such as gas sensors [7-9], biosensors [10-12], nano thin film transistors [13-19], photo-
voltaic [20-23], and memory devices [24,25] have been reported in the literature based
upon the n-type metal oxide semiconductors. Despite this most of the electronic industry
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is still dominated by silicon (Si) based devices. This happens because of the availability
of only a few p-type metal oxide semiconductors in nature. To fully replace the silicon
(Si) based electronic industry with oxides-based electronics, it is essential to identify a
suitable p-type inorganic metal oxide semiconductor that has comparable performance
with n-type metal oxide semiconductors and can be processed by cost-effective means.
Given this, recent studies have shown that oxides of copper possess inherent p-type
semiconducting behavior due to the presence of negatively charged copper vacancies
[26,27]. In addition to that, the oxides of copper showed a narrow optical band gap
ranging from 1.2 eV to 2.3 eV, which can be easily tuned either by doping or synthesizing
its nanostructures [28-31]. This makes the oxides of copper an ideal candidate for various
optoelectronic devices such as solar cells, heterojunction diodes, and inverters.

In nature, the oxides of copper exist in two phases namely cuprous oxide (Cu,0) and
Cupric oxide (CuO). However, out of these, CuO has been reported to be the most stable
form of copper oxide, since obtaining the Cu,0 phase requires a fine tunability of oxygen
partial pressures [29,32]. In addition to that, the Cu;O phase has a large probability of
getting oxidized and converted into a much more stable CuO phase. However, in
comparison to the n-type metal oxide semiconductors, the conductivity in the CuO is
dominated by the hole conduction. Due to the presence of highly directional localized 2p
orbitals from oxygen in valence band maximum (VBM) and deep-level traps near VBM,
the hole mobility of CuO is hindered significantly [33,34]. Thus, a band gap modification
might improve the performance of CuO. Since, the optical band gap of the semiconductor
material depends upon the particle size, in this work, an attempt has been made a) to
synthesize the nanoparticles of p-type CuO using a cost-effective, and low-temperature
solution-based co-precipitation method, and b) to study the optical properties of CuO
nanoparticles.

Materials and Methods

To prepare CuO nanoparticles, the solution-processed co-precipitation method was
adopted. 0.01 moles of copper acetate monohydrate [Cu (CH;COO);'H,0] from
Sigma Aldrich with 99.9 % purity were mixed with 100 ml of laboratory absolute ethanol
(99.9 % purity) in a round bottle flask. The flask was then subjected to an oil bath, which
was well maintained at a temperature of 70 °C. The oil bath helps in maintaining a
uniform and even temperature throughout the reaction. After a continuous vigorous
stirring for 2 h, a transparent clear brown color solution with no segregation was
obtained. At this point, 0.02 moles of sodium hydroxide (NaOH) were added to the
reaction mixture. The addition of the NaOH increases the pH of the solution to 10.5,
consequently, a co-precipitation reaction is forced and the solution turns slightly black in
a few minutes indicating the formation of the pure copper oxide precipitates. The reaction
mixture was then allowed to continuously stir for 2 h. The obtained precipitates were
then separated from the solution using a centrifugation technique at 7000 rpm. However,
the obtained precipitates were still wet and contained excess solvent. Hence, the
obtained precipitates are placed in an oven for 4 h maintained at 100 °C. The dried
precipitates were then ground in a mortar pastel and a fine black powder of CuO was
obtained. The process flowchart of the synthesis has been presented in Fig. 1.
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Fig. 1. Process flowchart of the CuO nanoparticles fabrication

Investigation of the structural, morphological, and optical properties of synthesized
CuO powder was performed by various experimental techniques such as X-ray diffraction
(XRD) (X'pert diffractometer of Philips), fourier infrared spectroscopy (FTIR) (Spectrum
L1280130 FTIR spectrometer of Perkin Elmer), field emission scanning electron
microscopy (FESEM), energy dispersive X-ray spectroscopy (EDS), UV visible spectroscopy
(spectra max iD3), and spectroflurophotometer (Shimadzu RF-5301PC) were used. To
perform XRD measurements the synthesized CuO powder was spread on a glass plate and
X-rays were incident on the sample at a grazing angle of 2°. The diffraction angle 26 was
varied from 20° to 80° with a step size of 0.02. For the study of optical properties, samples
for UV visible and photoluminescence (PL) measurements were prepared by dispersing
CuO powder in a pure ethanol solution, which was filled inside a 96-well plate. The 96-
well plate was then implanted inside the UV-visible spectrophotometer to obtain the
absorbance spectra.

Results and Discussion
Structural analysis

The XRD pattern of the synthesized CuO powder using the co-precipitation technique has
been depicted in Fig. 2. Appearance of the strong diffraction peaks reveals that the
synthesized CuO particles are crystalline. Peak matching performed using X’pert high
score software confirms that the synthesized CuO powders have been crystalized to a
monoclinic phase, which corresponds to JCPDS card No. 48-1548. The diffraction peaks
located at a diffraction angle (26) equal to 32.08°, 35.60°, 38.47°, 48.16°, 53.80°, 57.71°,
61.19°, 65.30°, 67.52°, 72.34°, and 74.60° belong to the (110), {(002), (111)},
{(111), (200)}, (202), (020), (202), (113), (311), (113), (331), and (004) respectively.

Next, we analyse the appearance of broad XRD patterns obtained for the
synthesized pure CuO. According to the literature, smaller crystallite size (D) and
microstrain (g) are the two factors that lead to the broadening of the XRD peaks [29].
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Fig. 2. (a) XRD pattern of synthesized pure CuO powder; (b) WHM plot of synthesized pure CuO

To quantify these factors simultaneously, the Williamson-Hall Method (WHM) can
be adopted. According to this method, the total broadening of the XRD peak is given by:
(Broadening (BT) )(Total) = (Broadening)(size) + (Broadening)(microstrain)' (1)
where Br represents the full width at half maximum (FWHM) of the corresponding XRD
peak. The broadening due to the crystallite size can be quantified using the Scherer
formula as:

.BCrystallite size = %: (2)
where, K is shape factor, D is the crystallite size, A is the X-ray wavelength, and 6 is the
diffraction angle. On the other hand, the microstrain broadening is quantified using:
Bmicrostrain = 4€ - tan 6. (3)

Upon substituting the Egs. (2) and (3) in Eq. (1), a straight-line equation is obtained
and is given as:
Brcosd = e(4sinb) + %’1. 4)

Hence, by plotting Scosf along Y-axis and 4 sin 8 along X-axis, the average values
of crystallite size and the microstrain can be obtained. The value of the microstrain is
governed by the slope of the curve, while the intercept governs the crystallite size.
Figure 2(b) represents the corresponding WHM plot for the synthesize pure CuO powder.
Thus, the calculated value of the microstrain is 0.00258 and the average crystallite size
of the synthesized pure CuO powder is around 6.83 nm.

Next, we determine the lattice parameters and lattice volume of the CuO unit cell.

For a monoclinic lattice the d-spacing is given by
1 ;[h_z k?sin?f | 1> 2hlcosf ’ (5)
d?2  sin?f la? b2 c? ac

where h, k, [ are Miller indices of the plane, d is an interplanar spacing, a, b, ¢ are lattice
constants and S is the angle greater than 90°. The values of 8, a, b, and ¢ are calculated
by considering (200), (002), (202), (202) and (020) lattice planes. The lattice volume of
the monoclinic lattice then can be calculated using

V = abc - sinf . (6)

All the lattice parameters and lattice volume has been listed in Table 1.
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Table 1. Lattice parameters of synthesized pure CuO nanoparticles
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Lattice d- o Lattice Lattice Lattice Lattice
Plane spacing B constant a, A constant b, A constant ¢, A volume, A3
(200) 2.3080
(002) 2.5064
(202) 1.5770 99.44 4.6794 34124 5.0817 80.0446
(202) 1.8599
(020) 1.7062

Morphological analysis: FESEM and EDS

The FESEM image of the synthesized pure CuO nanoparticles at a magnification of
30000x is shown in Fig. 3(a). The CuO nanoparticles showed an agglomerated spherical
shape morphology. To determine the particle size using FESEM, the particle size of
various nanoparticles distributed in the FESEM image was calculated with the help of
Image-) software. The obtained data has been represented in Fig. 3(b) as a histogram.
Using a normal distribution the calculated mean particle size of the synthesized CuO
nanoparticles is 36.8 nm, with a standard deviation of 16.71 nm. The obtained result is
also consistent with the crystallite size calculated using the XRD data.

40
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Fig. 3. (a) FESEM image of CuO nanoparticles at a magnification of 30000x;
(b) histogram and normal distribution of the CuO nanoparticles particle size
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Fig. 4. EDS spectra of synthesized CuO nanoparticles
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Next, we determine the elemental composition of the synthesized pure CuO
nanoparticles using EDS spectroscopy, as shown in Fig. 4. The EDS spectra clearly show
the peaks of copper (Cu) and oxygen (O), indicating the presence of both Cu and O ions.

The corresponding atomic percentages of Cu and O in synthesized CuO
nanoparticles are 71.13 and 28.87 %, respectively. In terms of weight percentage, the Cu
ion has 38.28 wt. %, and the O ion has a 61.72 wt. %.

Chemical Analysis

To identify the presence of various functional groups, stretching, and vibration modes
present in the synthesized CuO nanoparticles, FTIR spectroscopy is performed. The
obtained FTIR spectra have been presented in Fig. 5. According to the previous reports
the peaks corresponding to the vibration and stretching of the CuO phase are located
from 400 to 900 cm™ band [35]. The obtained peak centred at 476.86 cm™ corresponds
to the A, mode of vibration and is due to the stretching of Cu-O along [101] direction [36].
Further, the peaks at 745.46 and 856.01 cm™ are associated with the Cu-O stretching
mode along [202] direction [29]. In addition to that, the absence of any extra peak in the
range of 600 to 650 cm™ indicates the absence of IR active modes of the Cu,0 phase [36].
This eliminates the possibility of the formation of the secondary Cu,0 phase or
complexes.
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Fig. 5. FTIR spectra of synthesized CuO nanoparticles

The FTIR peaks that appear above 900 cm are due to the presence of the functional
groups attached to the CuO nanoparticles. The peaks appeared at 1318.02, 1408.31, and
1517.97 cm™ are associated with the presence of cis-di substituted alkenes and amide
(COO0-) groups [29,37]. The peaks at 1018.37 and 1054.85 cm™ are associated with the
O-H bond stretching of the alkyl group [34,38].

Absorption properties

Figure 6(a) represents the absorption spectra of the synthesized pure CuO nanoparticles.
The obtained spectra depict that pure CuO nanoparticles have an absorption edge located
at 300.6 nm.
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Fig. 6. (a) UV absorption spectra of synthesized pure CuO nanoparticles; (b) the (ahv)2 vs hv plot for
synthesized pure CuO nanoparticles

To determine the optical band gap of the pure CuO, the well-known Tauc’s method
was adopted [39,40]. According to this method, the absorption coefficient a for a material
can be given as:
ahv = A(hv — Eg)", (7)
where a represents the absorption coefficient, £, represents the optical band gap, A is a
constant, and exponent n can have values 0.5, 1.5, 2, or 3. The value of n determines the
type of electronic transitions. In the case of direct electronic transitions, the value of nis
equal to 0.5. The CuO is also a direct band gap semiconductor [41], hence we take n = 0.5
in our case also.

Figure 6(b) represents the (ahv)? vs hv plot for synthesized pure CuO nanoparticles.
The optical band gap of 2.84 eV is determined using this approach for pure CuO
nanoparticles. The obtained optical gap of synthesized pure CuO nanoparticles is quite
higher in comparison to the bulk CuO, which is 1.2-1.9 eV [42]. This increase in the optical
band gap might be due to the lower crystallite size of synthesized CuO nanoparticles. At
the nanoscale level, the crystallite size becomes smaller than the Bohr radius of the
exciton due to which the discrete energy level forms at the edges of the conduction and
valence conduction band. Consequently. the band gap increases.

Emission properties

Figure 7(a,b) represents the PL spectra of the CuO nanoparticles at an excitation
wavelength of 300 nm. The pure CuO nanoparticles showed a broad emission spectrum
spreading from 320 to 600 nm.

To locate the exact peak positions, first, we removed the background using the b-
spline interpolation method in Origin 9.0 software. The obtained emission spectra curve
is then fitted using the Voigt function fitting. The Voigt function is a mixture of Gauss and
Lorentz functions. According to the fitted curve the obtained emission spectra consists of
2 major emissions peaks positioned at 387.24 and 454.92 nm. The emission peak at
387.24 nm lies in the ultraviolet region and is of no interest. On the other hand, the
emission peak at 454.92 nm corresponds to the blue region of the visible spectra, which
is confirmed by plotting an XY chromaticity coordinate graph with the help of the
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standard Commission Internationale de I'Eclairage (CIE) diagram, as depicted in Fig. 8.
GOCIE software is used to prepare the CIE diagram. The obtained color coordinates
corresponding to the emission wavelengths of 454.90 nm are (0.15; 0.13) and are marked
as a black circle in Fig. 8.
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Fig. 7. (a) PL spectra of synthesized CuO nanoparticles at an excitation wavelength of 300 nm;
(b) curve fitting of the emission peaks of synthesized CuO nanoparticles
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Fig. 8. CIE diagram of CuO nanoparticles at an excitation wavelength of 300 nm

Table 2. Defect reaction in synthesized CuO nanoparticles
0.50, & V, + 2e~ Formation of oxygen vacancies

Formation of negatively charged copper vacancies and
copper interstitials

Cuk, & Ve + Cu;

The emission peak at 387.24 nm appears due to the electron-hole pair
recombination in free excitons. Since this peak lie in the UV region, it is of no interest.
On the other hand, the emission peak centred at 454.92 nm lies in the blue region of the
visible spectra. This blue emission peak is attributed to the defects present in the copper
oxide such as surface states, oxygen vacancies, copper vacancies, and interstitial defects.
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According to the reports of El-Trass etal.[43] the emission peak at 454.92 nm
corresponds to the copper interstitial and oxygen vacancies. The corresponding Kroger-
Vink defect reactions for the formation of these defects in CuO have been listed in
Table 2.

Next, we determine the color purity of the blue colour emission corresponding to
the emission wavelength of 454.92 nm using the expression:

(Zs=ZP?+(Ys=Y))?

\\//(ZD_ZI)Z""(YD_YI)Z * 100%, (®)
where, (Z;Y), (Zs;Ys), and (Zo;Yo) are the color coordinates of the standard illuminate point
(0.3101;0.3162), sample, and respective ideal blue color (0.14; 0.08). The calculated value
of the color purity for the synthesized CuO nanoparticles is found to be 84.71 %.

In summary, it is established that synthesized CuO nanoparticles mostly emit in the
UV range. However, the emission spectra also consist of the peak corresponding to the
blue emission, which appeared due to the formation of oxygen vacancies and copper
interstitial defects.

Color purity=

Conclusions

Pure CuO nanoparticles are synthesized using the co-precipitation method. The Broad
XRD peaks suggest the particle size lies in the nano range and is confirmed using FESEM.
The average particle size of the synthesized CuO nanoparticles is 36.8 nm. The
synthesized CuO nanoparticles showed a high band gap of 2.84 eV due to the quantum
size effect. Further, Blue emission from pure CuO nanoparticles at an excitation
wavelength of 300 nm is demonstrated. The presence of the various defects in CuO such
as oxygen vacancies and copper interstitials are the responsible factors for the
appearance of this blue emission. The obtained CIE color co-ordinates for the blue color
is (0.15, 0.13), and lies close to the ideal blue color co-ordinates (0.14, 0.08). Further, the
synthesized CuO nanoparticles showed a high colour purity of 84.71 %.
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ABSTRACT

A theoretical study on the structural strength of an endoprosthesis stem made from meta-biomaterial is
presented. We considered six types of metamaterials based on a biocompatible titanium alloy comprised
by unit cells of lattice and surface structures. The standard for testing femoral components of
endoprostheses was used to develop virtual test benches for simulation of the loading process, followed
by stress—strain analysis of meta-biomaterial implants. Our general findings confirm the load-bearing
capacity of the structures, additionally pointing to potential issues that may arise if the manufacturing
technology of metamaterial endoprostheses is insufficiently rigorous.
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Introduction

Metamaterials are understood as artificial macroscale structures composed from
periodically repeated highly porous structural elements of the smallest size (micro-,
meso-, nano-scale). The term 'metamaterials’ reflects the fact that the complex internal
structure of such materials at the mesoscale induces peculiar physical and mechanical
properties at the macroscale, not observed in natural materials and alloys obtained by
conventional methods or in other synthetic substances. A new approach, drawing on the
physical principles and computational models to engineer materials with unique
properties and advanced functionality, has become known as rational design (RD) [1]. The
RD approach was first adopted to design the mechanical [2], electromagnetic [3], acoustic
[4] and poroelastic [5] properties for modern functional metamaterials in various
engineering fields other than biological and clinical medicine.

Specifically, meta-biomaterials [6] have gained attention in regenerative medicine
as potential candidates for various medical and clinical applications, including tissue and
organ repair. Key applications of meta-biomaterials in tissue engineering are engineering
of three-dimensional structures, such as scaffolds, serving as temporary structural
support for tissue regeneration, or such as implants and endoprostheses, which are
artificial substitutes for individual organs or their parts, installed permanently in the
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human body. Meta-biomaterials can be designed to mimic the biomechanical properties
of natural tissues. For example, they may exhibit certain elastic stiffness properties,
making them better suited to the mechanical requirements for repaired tissues and
organs.

Importantly, the understanding of meta-biomaterials within the context of tissue
engineering is rather more elaborate than the model of highly porous materials with
complex internal structure, made from biocompatible metal or plastic. Meta-biomaterials
are assumed to differ significantly from the vast majority of other metamaterials known
today in that they are intended for simultaneously providing physical properties of
dissimilar nature [6]. In this sense, meta-biomaterials can be regarded as multiphysical
metamaterials in contrast to classical metamaterials designed to provide one type of
physical properties, such as mechanical, acoustic or optical metamaterials. A crucial range
of properties of a different physical nature are biophysical and biomechanical
characteristics of living tissues (in particular, bone) that must be reproduced by meta-
biomaterials. In addition to purely mechanical properties (elasticity, strength, stiffness),
these include mass transport properties and topological characteristics necessary for
functional and reparative regeneration of bone tissue [7]. Thus, a high level of porosity
and an extensive network of pore channels in bone scaffolds and implants made from
meta-biomaterials are the primary mechanobiological factors [8] deciding the efficiency
of regenerative processes in the volume of artificial substitutes for human skeletal
elements [9,10].

Endoprostheses with a developed porous surface based on biocompatible alloys are
widely used in regenerative medicine to repair large bone defects of the human
musculoskeletal system. Extensive bone defects resulting from injury, tumor or other
pathological conditions require implants that can not only provide mechanical support
but also promote restoration of the bone structure by stimulating osteogenesis (growth
of new bone tissue), ensuring osseointegration (ingrowth of bone tissue into the pore
space of the implant) and vascularization (growth of vessels in the defect site to improve
blood supply) [11,12]. However, only the surface layer of limited thickness typically has
a porous structure in most standard endoprostheses. Therefore, it is of utmost importance
to carry out research into meta-biomaterials to develop new types of endoprostheses with
through-porosity for major joints. Meta-biomaterials can help answer these biomedical
challenges, thanks to their multiphysical nature.

Another critical problem occurring during deployment of all-metal endoprostheses
and the patient's daily activities is the so-called stress shielding effect [13]. Due to high
stiffness of the femoral stem in the hip endoprosthesis prepared by the standard
procedure from a titanium alloy, stress redistribution occurs within the bone-implant
system, since most of the load is taken by the metal structure. This results in a decreased
stress level in the cortical bone tissue forming the medullary canal, where the bone is
adjacent to the endoprosthesis. According to Wolff's law [14] and the main hypotheses of
modern mechanobiology [15], this in turn leads to activation of specific bone cells
(osteoclasts) responsible for the destruction of bone tissue, due to reduced stresses in the
bone volume in the contact region between the bone and the endoprosthesis.
Consequently, the processes of bone resorption are accelerated, becoming more
prevalent than the processes of new bone tissue growth. Thus, the density and associated
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strength characteristics of bone tissue decrease, leading over time to micro-destruction
of bone at the interface with metal, weakening the fixation of the stem in the medullary
canal, ultimately resulting in loosening or even complete dislocation.

Efforts to resolve this issue are underway in orthopedics, with alternative
approaches adopting softer biocompatible polymers instead of metals [16]. Successful
attempts to mitigate the stress-shielding effect include endoprosthesis components
made of polyetheretherketone reinforced by carbon fibers (PEEK/CF) [17,18]. However,
such approaches typically do not incorporate porous structures based on polymer
materials due to a significant decrease in the strength of the implant, especially for highly
loaded skeletal sites [19]. Therefore, another promising scenario explored in this study,
reducing the integral stiffness of the structure while preserving the necessary strength,
consists of using porous metamaterials based on biocompatible alloys with highly
tunable effective elastic and strength properties [20,21].

The fundamental dependence of macroscopic properties of metamaterials on the
microscale topology has sparked intense research into the characteristics of the internal
structure determined by the geometry of the repeated unit cell [22,23]. The first types of
meta-biomaterials, that is, metamaterials intended for tissue engineering, were designed
based on unit cells that are strut microstructures, ranging from simple cube-like shapes
to complex assemblies composed of multiple struts [24]. Unit cells of such beam-like
metamaterials mimic the crystal lattices of metals, repeating their spatial symmetry
groups [25]. Experimental clinical studies have confirmed that optimized lattice implants
can be used in surgical procedures to partially replace the tubular bone with sufficiently
long scaffolds [26]0. The proposed technique for developing a special type of
metamaterial is based on a unit cell containing a pore of variable elliptical shape and
orientation. The technique proved successful for the case of a hip endoprosthesis stem,
reducing the weight of the structure by 9-11%, depending on the type of implant, while
preserving structural strength [27]. Treatment of bone defects using open-pore scaffolds
based on beam elements with strut diameters ranging from 200 to 500 um is discussed
in [28], detailing the structural optimization of a titanium scaffold to match its elastic
properties to cortical bone tissue. The paper investigates the mechanical behavior of the
constructed models of metamaterials, establishing the dependence of the elastic
modulus on the characteristics of beam-type structures.

Metamaterials based on smooth surfaces in 3D space appeared later than structures
based on beam elements. They offer an advantage over lattice-type metamaterials in
specific applications necessitating a highly developed internal structure formed by a
flow-through system of interconnected pore channels with curvature smoothing. A
prominent class is metamaterials based on triply periodic minimal surfaces (TPMS) [29]0.
TPMS are a family of periodically repeated implicit surfaces with zero mean curvature,
i.e.,, local minimization of the surface area for a three-dimensional domain with a
predefined interface. A metamaterial based on triply periodic minimal surfaces consists
of infinite non-intersecting shells of a given thickness, repeating in the directions of three
coordinate axes with a fixed or varying period. The internal surfaces of TPMS
metamaterials have large specific area, making them good candidates for chemical
microreactors, membrane devices, fuel elements, energy absorbers (for kinetic, thermal,
acoustic wave energy, microwave electromagnetic waves) [29].
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Much research is carried out into the biomedical applications of this family of
metamaterials as bone scaffolds or implants. The reason for the attention that this topic
has received is that effective osseointegration requires for artificial bone substitutes to
have an extensive system of open-type pore channels for migration and transformation
of active cells into bone matter, simultaneously providing sufficient strength to ensure
the functionality of organs, especially the human musculoskeletal system. Metamaterials
of this type offer potential advantages over the beam type due to larger area of internal
surfaces, whose curvature is close to the curvature of trabecular bone tissue with its
extensive system of pore channels. It was recently found that the surface curvature
strongly affects tissue regeneration [30], and since the mean surface curvature of the
trabecular bone is close to zero, meta-biomaterials based on TPMS should provide more
efficient regeneration of biological tissue in the void space of the scaffold [31].

Even though additive technologies are becoming increasingly popular for
manufacturing customized implants and endoprostheses, including those with an
arbitrary porous [32] or periodic lattice structure [33-35], theoretical predictions of
strength are still scarce, generally limited to studies of failure at the mesoscale level of
the metamaterial unit cell [36] or using averaged models. A separate challenge is the
construction of full-scale high-fidelity finite element models for endoprostheses made
from meta-biomaterials and ab initio calculations of the stress—-strain state of the
endoprostheses, as these models must avoid simplifications and homogenization of
elastoplastic properties [37].

Few papers are available for relatively small-sized lattice models of implants [26]0,
[27,28] and endoprostheses [38,39], aimed at direct finite element analysis (FEA) of the
stress distribution. Moreover, there are virtually no computational studies on the strength
predictions for endoprostheses made of complex structural meta-biomaterials (in
particular, surface-type) providing raw data without resorting to averaging procedures.
The likely reason for this is that direct FEA simulation of the periodic internal spatial
structure of lattice and, especially, surface metamaterials is very complex. On the other
hand, it is crucial to obtain predictions of strength and fatigue resistance, as
endoprostheses of major joints must be able to withstand substantial force during many
loading cycles during the patient’'s normal motor activity after surgery.

This study is focused on designing the femoral stem for a human hip endoprosthesis
made from a meta-biomaterial with through-porosity and a complex internal structure,
which is one of the practical applications of metamaterials in tissue engineering. We
characterized three configurations of meta-biomaterial based on lattice structures and
three configurations based on triply periodic minimal surfaces. The main objective of the
study is the theoretical evaluation of strength in an endoprosthesis stem, following the
standard test procedure for biomedical products based on continuum mechanics.

Materials and Methods
Types of metamaterials

Meta-biomaterials based on TicAl4V titanium alloy were selected to develop models of
candidate structures for the femoral component (stem) of hip endoprosthesis. This alloy
is widely used in surgical procedures to replace bone structures with artificial
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components due to its high strength properties, chemical stability and biocompatibility.
This material can be used to manufacture components with thin elements and complex
geometries and is also well-suited for products with requirements for minimal weight.

Three types of rod cells and three types of TPMS-based cells were taken as unit
cells composing the metamaterials, while their geometry was tailored so that the bulk
porosity and the content of the base material were the same for all types of cells. The
overall dimensions of the cells were 3.7 x 3.7 x 3.7 mm?>, the porosity was 70 %, and the
content of the base material 30 %.

Lattice metamaterials are represented in this study by the following structures:
cubic with supports, diamond, double pyramid. Surface metamaterials were developed
based on the following TPMS: Gyroid, Fischer-Koch, Schwarz D (Fig. 1). A detailed
description of the procedure for constructing the unit cells of beam and surface-based
metamaterials is provided in our previous studies [20,21].

(a) (b) (c)
(d) (e) ®
Fig. 1. Unit cells of six types of metamaterials: (a) Cubic with supports; (b) Diamond; (c) Double
pyramid; (d) Gyroid; (e) Fischer-Koch; (f) Schwarz D

Model of endoprosthesis stem made from metamaterial

The external shape of the developed structure has a standard topology repeating the
curvature of the proximal femur along the force lines, as described in an earlier study [40].
The overall dimensions of the stem were 176 x 66 x 15 mm?. Figure 2 illustrates the
construction of the three-dimensional model for the femoral component of the hip
endoprosthesis made from meta-biomaterial. Three-dimensional geometric models of the
stem based on lattice metamaterials were built in the ANSYS SpaceClaim module, and
the models of the stem based on surface elements were built in the Altair Inspire
software. The endoprosthesis stem based on the unit cells considered was developed in
the following stages:
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1. Construction of a parallelepiped or other shape closer to the target shape,
circumscribed around the implant (Fig. 2(a)). This region is filled with metamaterial
composed of 3.7 x 3.7 x 3.7 mm? cells with a porosity of 70 %.

2. Export of the initial solid implant model from the STEP file format representing
geometric data into the STL file format with a triangular surface mesh size of 0.2 mm
(Fig. 2(b)).

3. Boolean intersection of the metamaterial preform with the target geometry of the solid
implant in mesh format. The resulting implant is made from solid metamaterial without
additional elements necessary for the femoral component of the hip endoprosthesis
(Fig. 2(c)).

4. Completion of the stem model by replacing a part of the metamaterial in the proximal
region of the implant with solid material for attaching the endoprosthesis head (Fig. 2(d)).

(a) (b) (©) (d)

Fig. 2. Construction of model for femoral component of hip endoprosthesis manufactured
from typical metamaterial: (a) metamaterial preform; (b) target geometry of stem in STEP and STL
formats; (c) intermediate model of stem made entirely from metamaterial; (d) final model of femoral
component made from metamaterial with solid head

A three-dimensional model of the structure built was saved in STL format and then
exported to the Altair SimLab system for automatic construction of a three-dimensional
mesh of tetrahedral finite elements. Because the surface of the implant composed of
metamaterial cells has a very complex shape, the finite element mesh contains a large
number of thin or self-intersecting elements along the outer edge. These low-quality
elements need to be further modified to reliably obtain the stress fields in the structure.
Small elements that do not meet the criteria for mesh quality are automatically detected
in the Altair SimLab system, and subsequently corrected or deleted. The finite element
model adjusted by this technique is again converted to neutral format of STL surface
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mesh for subsequent steps. Figure 3 shows three-dimensional geometric models of the
endoprosthesis stem made from all six types of metamaterials.

XXXXXY
XXX

LY

(b) (©)

(d) (e) (H

Fig. 3. 3D geometric models of endoprosthesis stem made of metamaterials based on following
structures: () cubic with supports; (b) diamond; (c) double pyramid; (d) gyroid; (e) Fischer—Koch;
(f) Schwarz D

Geometric model of test bench for endoprosthesis stem

A digital model of the virtual test bench intended for strength analysis of the femoral
component of the hip endoprosthesis made from the selected metamaterials was
developed following the procedure described in the GOST R ISO 7206-4-2012 standard
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"Implants for surgery - Partial and total hip joint prostheses - Determination of
endurance properties and performance of stemmed femoral components”. This standard
is aimed at strength predictions (including fatigue resistance under cyclic loads) of
stemmed femoral components in total hip arthroplasty (THA), also used separately for
partial hip prosthetics. The GOST standard is identical to the international standard 1SO
7206-4:2010 "Implants for surgery — Partial and total hip joint prostheses — Part 4:
Determination of endurance properties and performance of stemmed femoral
components” [41]. According to the standard, the lower part of the test specimen is
embedded into a solid medium; the head of the specimen is subjected to cyclic loading
to produce axial compression, bending in two planes and torsion until failure occurs or
the prescribed number of cycles are achieved.

Figure 4 shows the configuration of the medium-sized hip endoprosthesis stem
(120-250 mm from the center of the femoral head to the most distal point of the stem)
based on the GOST R ISO 7206-4-2012 standard. The implant is located in a cylindrical
cup filled with solidifying bone cement at angles a=10° P =9° determining the
inclination of the stem axis in the frontal and sagittal planes. The height of the cup was
not normalized; it was set to 120 mm in the digital model so as to preserve the key
distance D =80 mm from the center of the head to the level of stem fixation. The diameter
of the cup was chosen equal to 60 mm to minimize the influence of rigid fixation of the
cylinder surface formed.

Fig. 4. Configuration of symmetrical endoprosthesis stems with CT distance of more than 120 mm, but
less than or equal to 250 mm (based on GOST R ISO 7206-4-2012 (ISO 7206-4:2010)): arm 1 of head; load
application point 2; stem axis 3; loading axis 4; cement level 5; stem axis KL 6; T is the most distal point
of the stem; C is the center of the head; D is the embedding level; K, L are points at certain distance from
point T defining stem axis; a is the angle on the frontal plane CKL between loading axis 4 and stem axis
6; B is the angle on sagittal plane perpendicular to CKL between loading axis 4 and stem axis 6
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The developed models of the metamaterial stem were combined in the Altair
SimLab system with the constructed three-dimensional model of the cylinder made of
bone cement using standard Boolean operations. The head of the femoral component
was then added to the model as a truncated sphere.

This comprises a set of geometric models characterizing the biomechanical system,
including the stem of the femoral component made from six types of metamaterials. A
typical 3D numerical model of the implant-cement system is shown in Fig. 5.
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Fig. 5. Three-dimensional geometric model of implant—cement biomechanical system based
on GOST R ISO 7206-4-2012 (ISO 7206-4:2010): (a) isometric view; (b) frontal view; (c) sagittal view

Finite element formulation for the problem on digital testing of the endoprosthesis stem

Three-dimensional geometric models of the virtual test bench (Fig. 5) were used to
construct spatial finite element meshes with the tools of the Altair SimLab system. The
developed numerical models are composed of tetrahedral finite elements with first-order
displacement interpolation. The characteristic length of finite elements in the
constructed mesh amounted to 0.2 mm for the stem, and to 1 mm for the ceramic head
of the femoral component and the bone cement cylinder.

Finite element meshes characterizing the individual components of the system are
constructed to have common nodes on adjacent surfaces of the components, with the
exception of the interface between the implant and the ceramic head. The stem is rigidly
fixed in bone cement in this approach, assuming no-slip, which is appropriate for both
the given experimental setup following the standard guidelines and the developed
porous structure of the metamaterial stem. From a computational standpoint, it is
unnecessary to specify the contact interaction at the interfaces in this formulation (with
the exception of the interface between the implant and the ceramic head, where the
contact interaction is introduced into the model), yielding a faster and more stable
solution.

The three-dimensional problem of elasticity theory describing the problem posed
in the study is solved by the classical displacement-based finite element method using
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the variational principle of minimum potential energy or generalization of the weighted
residual method to three-dimensional problems [42].

The model (Fig. 5) is saved in INP format and exported to the Abaqus FEA suite to
complete the finite element model and perform calculations of the stress-strain state for
the fixed femoral component of the hip endoprosthesis as a system of solid deformable
bodies. The formulation of the elasticity problem imposes the elastic properties of the
materials used to manufacture the elements of the biomechanical system considered, the
kinematic constraints and the acting forces.

According to the GOST R ISO 7206-4-2012 standard, a vertical load that is a total
force of 2300 N is applied to the head of the femoral component (Fig. 4). Such a load is
simulated in the finite element model by a concentrated force applied at a separate point
(called Reference Point), mathematically connected to all nodes of the finite element
mesh of the femoral head, ensuring a more uniform load distribution over the surface of
the head (Fig. 6).

The kinematic constraints imposed assume that the outer surface of the cylinder is
rigidly fixed, that is, all displacement components in the nodes of the finite element mesh
on the outer surface are equal to zero (Fig. 6).
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Fig. 6. Loading conditions for femoral component: (a) frontal view; (b)sagittal view;
(c) isometric view of finite element model in Abaqus system

Setting the physical and mechanical properties of materials correctly is an
extremely important factor for construction of high-fidelity digital models of virtual test
environments. As mentioned above, the metamaterials in this paper are to be additively
manufactured from the TicAlV titanium alloy. The following parameter values were
adopted for the mechanical properties of additive TicALV: density of 4.43 kg/m>, Young's
modulus of 113.8 GPa, Poisson's ratio of 0.342, yield strength of 950 MPa [43]. The fatigue
properties of materials vary in a much wider range if different additive technologies and
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subsequent surface treatments are introduced [44]. Analyzing the literature, we adopted
a representative value of the fatigue limit equal to 350 MPa for the calculations with a
symmetric loading cycle and a frequency of 10 Hz for TisALV titanium alloy obtained by
the selective laser melting (SLM) technology [45,46].

The following mechanical characteristics were taken for the remaining components of
the model: acrylic bone cement had a Young's modulus of 3.5 GPa, a Poisson's ratio of 0.3;
the ceramic material of the femoral head had a Young's modulus of 0.43 GPa, a Poisson's
ratio of 0.3 [47].

According to the GOST R ISO 7206-4-2012 standard, physical tests are aimed at
evaluating the fatigue resistance of the endoprosthesis stem at a number of loading
cycles set equal to 5-10¢. The system for inducing a quasi-static force to act on the head
of the femoral component described in the standard functions with a pulsating loading
cycle with a maximum force of 2300 N.

We determined the elastic displacements of the endoprosthesis stem, induced by
the action of an applied force, and the integral stiffness of the structure with respect to
the vertical displacements. Evaluating stiffness as a function of vertical displacements is
of foremost interest, as it can provide deeper insights into the biomechanical behavior of

the endoprosthesis The stiffness is calculated as follows: k = ; where is the k is the

luz"ex
calculated stiffness of the endoprosthesis stem along the vertical direction; F is the
magnitude of the vertical load; UJ*** is the maximum absolute value of the vertical
component of the elastic displacement vector in the endoprosthesis stem.

Such a process was organized as follows for mathematical modeling of high-cycle
fatigue strength using numerical analysis software:
1. Static elastic calculations of the stress—strain state of the biomechanical system under
applied load (a force of 2300 N in our case) are carried out in Abaqus FEA software.
2. Computational results of the stress—strain state analysis, that is, the nodal values of
displacements and components of the stress tensor, are exported to the Altair HyperLife
system. Evaluation of the number of load cycles that the structure can withstand is then
carried out based on the Wohler curve set for the material used (in this case, TisAlV
titanium alloy) and the stresses in Gaussian nodes of finite elements.

The technique used in this study for evaluation of fatigue strength is incorporated
in the Altair HyperLife software, using a well-known model for fatigue behavior of a
material in the elastic range with a large number of symmetric loading cycles Ny, set by

an exponential law within the range N; < Ny < Nj:

oo =S; (Ny)”. (1)

where g, is the stress amplitude in a symmetric cycle , which the material can withstand
at a given number of loading cycles N¢, Sf is the fatigue limit; b is the fatigue exponent
calculated from the slope of the curve defined by Eq. (1) in logarithmic coordinates.

The parameters in Eq. (1) lie in the following ranges for common structural
materials: N; = 10°-10% N, = 10°-10’. It is assumed that the reference S-N curve for
the fatigue limit of the material at point N,, described by Eq. (1), has an inflection, after
which the failure process either slows down or stops. In the latter case, the curve is
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believed to extend to a horizontal section with a characteristic ordinate taken as the
fatigue limit of the material under symmetric cyclic loading.

This model follows from the formulation of the problem on evaluating the fatigue
limit of the endoprosthesis stem under a significant number of loading cycles beyond the
inflection point on the S-N curve. Evaluating the fatigue parameters of the TicAlsV
titanium alloy by Eq. (1) with the fatigue limit of 350 MPa at N, = 1-10° and the ultimate
tensile strength of 1230 MPa, conditionally corresponding to N; = 10% we obtain the
values of the fatigue limit equal to Sy = 4323 MPa and the exponent equal to b = —0.182.
Evaluating the fatigue parameters of the TicAl4V titanium alloy by Eq. (1) with the fatigue
limit of 350 MPa at N, =1-10° and the ultimate tensile strength of 1233 MPa,
conditionally corresponding to N; =1, we obtain the values of the fatigue limit equal to
Sy = 1233 MPa and the exponent equal to b = —0.092.

The influence of the constant component of the cyclic load in an asymmetric loading
cycle is determined by the ratio between the mean value and the amplitude of the stress
cycle that the material can withstand at a given number of loading cycles [48]:

22 4 m =, )

0_1 Oy

where g, and g, are the amplitude and mean stress in an asymmetric loading cycle that
the material can withstand at a given number of loading cycles N¢; a_; is the fatigue limit
of the material during a symmetric loading cycle; g, is the ultimate tensile strength of
the material.

It follows from Eq. (2) that a linear decrease in the amplitude of the sustained stress
cycle is observed with an increase in the constant component in the case of asymmetric
loading:

1

0, = 0_1 — Ps0m, Where ¢, = Ua' (3)

B

Since the Wohler curve is generally determined experimentally by uniaxial tensile
testing, the stress tensor in the case of multiaxial yet in-phase loading is reduced to an
equivalent nominal voltage at each point of the given structure and is used as the
calculated parameter in Eq. (1). The maximum principal stress is taken as such nominal
stress for brittle materials, and the von Mises equivalent stress with the sign
corresponding to the sign of the maximum principal stress is taken for viscous materials.

The criterion for the critical state adopted in the fatigue calculations was the fatigue
life, that is, the number of sustained cycles compared to the target value, selected as
5-10¢ cycles following the problem statement formulated in accordance with GOST R ISO
7206-4-2012. The Palmgren-Miner rule for damage accumulation was used for this
purpose in the general case of a set of load scenarios, where failure occurs if the following
inequality is satisfied:

YD =Y-->10, 4)
Nif

where D; is the damage during n; cycles with load i; n; is the number of stress cycles

under load i ; N;; is the number of cycles to failure, taken from the S-N curve for the

combination of stress amplitude and mean stress level i.
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Therefore, the stress values calculated in the finite elements at a given static load
simulating a pulsating loading cycle can be used to evaluate the number of cycles that
the structure can withstand at the selected points of the material from Eqgs. (1) and (3),
and determine the degree of damage to the structure from Eq. (4).

Results and Discussion
Effective properties of metamaterials

The effective elastic moduli of the metamaterials are necessary for comparing their
integral characteristics, even though the moduli are not directly related to the structures
made from these materials. In addition, their analysis is valuable from a biomechanical
standpoint, since the stiffness of the endoprosthesis stem directly affects the processes
of bone resorption in the contact area with metal. Importantly, regeneration of tissue also
occurs in the pore space of the metamaterial, which is necessary for reliable cementless
fixation of the femoral component in the medullary canal of long tubular bones of the
human skeleton.

A detailed description of the homogenization procedures applied to these types of
metamaterials is presented in our earlier studies [20,21]. The effective elastic moduli
found for the metamaterials based on the titanium alloy are given in Table 1.

Table 1. Effective elastic moduli for six types of metamaterials (MPa)

Elastic Cubic w. . Double . Fischer-
constants supports Diamond pyramid Gyroid Koch Schwarz D
E;,MPa 8850.8 6251.3 10237.0 8423.0 10997.7 8795.7
E,,MPa 8850.7 6251.2 10237.0 8402.3 11002.4 8795.7
E;, MPa 8850.6 6251.0 10237.0 8413.1 10996.2 8797.2
G,,, MPa 4557.9 5234.6 4632.6 5036.9 5107.8 6325.5
G,3, MPa 4557.9 5234.6 4632.6 5035.9 5107.6 6327.2
G341, MPa 4557.9 5234.6 4632.6 5037.5 5107.3 6326.5
Vig 0.301 0.364 0.275 0.338 0.321 0.343
Vi3 0.301 0.364 0.275 0.337 0.321 0.343
Va3 0.301 0.364 0.275 0.337 0.321 0.343

As seen from Table 1, the metamaterials are symmetric with respect to 90-degree
rotation around any axis of the Cartesian coordinate system coinciding with the principal
axes of geometric symmetry. However, despite the same values of effective elastic
constants along the principal axes and in the principal planes, the homogenized models
of these metamaterials as continuous media are not isotropic. This is easily verified by
calculating Poisson's ratio using the well-known formula for isotropic continuum:

V= % — 1. The values obtained by this formula, -0.03; -0.4; 0.1; -0.16; 0.076; -0.3, differ

significantly from those in Table 1, which confirms the anisotropic nature of the
governing equations of metamaterials, despite apparent full symmetry.

Notably, high porosity leads to a significant decrease in stiffness along the principal
axes of material symmetry compared to a solid material. For example, Young's modulus
of the lattice structures lies in the range of 6.25-10.2 GPa, while that of the surface
structures lies in the range of 8.4-11.0 GPa. The shear modulus of lattice metamaterials
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lies in the range of 4.56-5.23 GPa, and that of surface metamaterials lies in the range of
5.04-6.33 GPa. Double pyramid and Fischer-Koch cells exhibit the highest Young's
moduli with moderate shear moduli.

According to experimental studies of the proximal femur [49], Young's moduli of
compact tissue lie in the range of 7500-17500 MPa in the longitudinal direction and
4000-7000 MPa in the transversal direction, depending on the density of the tissue. Thus,
the values obtained for Young's moduli of the meta-biomaterials at a porosity of 70 %
are closer to the lower bound for elastic moduli in compact tissue in the longitudinal
direction, but slightly higher than their values in the transversal direction. From a
biomechanical standpoint, such a range of elastic properties of meta-biomaterials can
allow the compact femoral tissue to accommodate the load sufficiently so that bone
resorption does not occur due to reduced stress level near the metal implant.

On the other hand, from a mechanobiological standpoint, the through-porosity of
the metamaterial implant ensures penetration of biological fluid and bone matter in both
radial and axial direction of the medullary canal, which is impossible in an endoprosthesis
made of solid material. The high through-porosity of the metamaterial used to
manufacture the endoprosthesis allows filling the internal volume of the metamaterial
with a large amount of bioactive substance with mesenchymal stem cells and growth
factors at the stage of surgery, with subsequent free penetration of active progenitor cells
into the implant. This can improve reparative regeneration in the volume of meta-
biomaterial, ultimately ensuring reliable osseointegration of the implant [9,50].

Analysis of elastic displacements and stiffness

Elastic displacements induced by the applied load integrally characterize the stiffness of
the structure, which is an important factor in the stability of the endoprosthesis in the
medullary canal during operation. According to the GOST R ISO 7206-4-2012 standard,
physical tests are carried out in such a way that the permissible deviation of the test
specimen from the vertical axis does not exceed 0.2 mm. Thus, we analyzed both vertical
displacements characterizing the bending and stiffness of the stem, and horizontal
displacements characterizing the deviation of the stem from the vertical position, which
is a requirement of the GOST standard.

Figure 7 shows the fields of components and magnitude for the vector of elastic
displacements, induced by the applied vertical force of 2300 N, for the considered types
of meta-biomaterials.

As evident from the displacement fields in Fig. 7, the picture of the displacement
distribution is similar for different types of metamaterial, regardless of the topology class
(Lattice or surface). The upper point of the endoprosthesis stem, located on the cylindrical
structural element of the stem, securing the head of the femoral component, exhibits the
largest displacements. We can evaluate the integral stiffness of the structure by analyzing
the maximum displacements of the endoprosthesis head under the action of the applied
load. ALl components and the magnitude of the displacement vector of the upper point,
as well as the stiffness of the endoprosthesis stem, are given in Table 2.
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Fig. 7. Elastic displacement fields (in mm) in implant stem prepared from considered types of meta-
biomaterial in the global coordinate system: (a) component along the X axis, in the median-sagittal
plane; (b) component along the Y axis, in the vertical direction; (c) component along the Z axis, in the
frontal plane; (d) displacement vector magnitude
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Table 2. Displacements and stiffnesses for each type of implant stem

Type of metamaterial cell
Cubic w. Diamond Double Gyroid Fischer- Schwarz D
supports pyramid Koch
U;™"  mm -0.008 -0.010 -0.006 -0.009 -0.010 -0.009
U, , mm 0.019 0.020 0.017 0.020 0.018 0.018
U,™"  mm -0.0002 0.0003 -0.0003 -0.0003 0.0007 -0.0002
U,™*, mm -0.195 -0.198 -0.185 -0.203 -0.212 -0.195
U™ mm -0.071 -0.070 -0.069 -0.071 -0.073 -0.071
U™, mm 0.074 0.073 0.069 0.080 0.087 0.072
U™ mm 0.196 0.199 0.186 0.203 0.213 0.196
Stiffness, N/mm 11795 11616 12432 11330 10849 11795

The greatest contribution to the total displacement vector is expected to be made by
the vertical component characterizing the elastic bending of the stem as a cantilever beam,
fixed in the lower part and subjected to a bending moment at the end. The total
displacements of the endoprosthesis head repeat the vertical displacements of the head
with an accuracy to three significant digits. The maximum vertical displacement does not
exceed 0.2 mm for such implants as Cubic w. supports, Diamond, Double pyramid and
Schwarz D. The values of vertical displacements for the remaining implants, i.e., Gyroid and
Fischer-Koch, are slightly higher than for the other implants, but by no more than 6 %.

Interestingly, small displacements are observed in the (XZ) plane of the middle part
of the stem in the contact area between metal and bone cement. However, we believe
that these displacements characterize the stiffness of the bone cement rather than the
actual structure of the endoprosthesis stem and therefore are not of particular interest
for this study. Nevertheless, it can be concluded that the endoprosthesis stem deviates
from the vertical by less than 0.1 mm for all types of metamaterials, which is significantly
less than the requirements in the GOST standard.

Multi-lattice structures designed to alleviate stress shielding were discussed in [51],
with the weight of the implant reduced to 25 %. The elastic moduli of the lattice material
cells varied in the range from 20 to 63 GPa with a porosity of 26-58%. The displacements
of the model with the lattice structure exceed the displacements of the solid implant
(4.04 and 3.81 mm, respectively), which is significantly higher than the displacements
obtained in our study. Note that the model in [51] consisted of a femur with an implanted
stem, and the load corresponded to a person with the weight of 700 N, walking at a normal
speed, which could be the reason for the discrepancies with the results in our study.

An important mechanical factor affecting the biophysical processes in
osteosynthesis with porous implants is the stiffness of the structure, which in the case of
metamaterials is directly related to the internal structure, that is, the type and porosity
of the unit cell. It was established in previous studies that the stiffness of the scaffold
significantly affects the efficiency of the regeneration process in the pore space of the
implant [9,15]. In particular, mathematical modeling of tissue regeneration in the scaffold
volume with the porosity of 50 and 90 % [10,50] confirmed extensive osseointegration at
lower amplitudes of the harmonic load in the case of greater porosity, which may be due
a more pronounced effect of the mechanical stimulus deeper into the implant.
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The stiffness of the metamaterial stem with a porosity of 70 %, calculated from
vertical displacements, lies in the range of 11616-12432 N/mm for lattice structures and
10849-11795 N/mm for surface structures. Thus, lattice implants turn out to be stiffer
than surface implants, which is extremely important from a mechanobiological
standpoint. The stiffest metamaterial is the lattice type based on Double pyramid cell,
and the least stiff is the surface type based on Fischer Koch cell, with the difference in
stiffness amounting to almost 15 %, which is significant from a biomechanical standpoint.

A comparative analysis of experimental and computational data obtained in tests
of the femoral component stem of the hip endoprosthesis following the ISO 7206-4:2010
requirements is presented in [32]. The bending stiffness was calculated for solid titanium
and for a material with a random distribution of pore channels and an integral porosity
of 33%, exhibiting a decrease by 47 % compared with the solid material in experimental
measurements. The results were in good agreement with the full-scale test and the
computational experiment for the solid implant and large discrepancies for the porous
stem. However, despite the lower porosity, the stiffness of the porous endoprosthesis
in [32] was only 1500 N/mm, which is significantly less than the stiffnesses obtained in
our study. While there are some differences in the design of the stem at the macroscale,
the main contribution to these discrepancies is probably made by the structure of the
metamaterial compared to random porosity.

Stress and fatigue analysis

Analysis of the distribution of von Mises equivalent stresses indicates that the overall
load on the implant is low (Fig. 8).
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Fig. 8. Von Mises stress intensity (in MPa) in implant stems for each type of metamaterial

However, certain types of implants contain elements whose stress exceeds the yield
strength of TicAlV at 950 MPa. The maximum stresses are reached by thin elements
appearing in the implant geometry due to its complex shape. As the unit cell does not
fully fit into the endoprosthesis stem at its edge, there are regions where the strut
comprising the metamaterial cell becomes geometrically thin and consequently capable
of withstanding substantially lower loads. In view of this, the peak stress values are not
a reliable indicator for assessing the applicability of the metamaterial in problems of this
kind.
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The stress distribution in the Diamond-type implant (Fig. 9) shows the most loaded
zones, located along the lower (inner) edge of the stem and concentrated near the
horizontal surface of bone cement.
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Fig. 9. Von Mises stress intensity (in MPa) in implant stem made of Diamond-type metamaterial

More detailed analysis of the stress state of the implant in each case can be carried
out based on the histograms for the lattice (Fig. 10) and surface (Fig.11) type
metamaterials. The vertical axis characterizes the percentage of the implant volume
located in the stress range plotted along the horizontal axis. More than 80 % of the
implant volume for each type of metamaterial is in the stress range from 0 to 50, which
does not exceed 5.3 % of the yield strength. More than 99 % of the volume does not
exceed the fatigue limit of titanium alloy equal to 350 MPa. On average, implants made
of lattice-type metamaterials have fewer stress concentrators, while Diamond and Double
pyramid types do not exhibit regions where the yield strength of the titanium alloy is
exceeded.

A small percentage of the implant volume is in the stress range exceeding the
fatigue limit of 350 MPa. The number of elements reaching elevated stress values can be
significantly reduced by refining the finite element model. Thin elements extending to
the edge of the endoprosthesis stem often become stress concentrators and can be
removed because they have no load-bearing capacity.

The distribution of stresses in the stem at the macroscale corresponds to both
qualitative analytical predictions of the model describing bending in a cantilever beam
subjected to a concentrated moment at the end, and studies by other authors evaluating
the strength of hip endoprosthesis stems made of novel materials [18,39] The highest
stresses occur on the inner surface of the leg in the bending region, reaching about
450 MPa in the case of the lattice gradient structure made from additive titanium alloy
VT6 with a maximum vertical load of 2800 N described in [39]. Although the conditions
of the numerical experiment and the porosity value of the considered metamaterials
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differ, it can be argued that the stress values we calculated for this region (400-500 MPa)
correspond to those presented in [39]. In general, the higher stress level in our case is
due to the thinner beam or surface elements forming the metamaterial unit cells.
Interestingly, a decrease in von Mises stresses was detected in [51] when part of the solid
implant material was replaced with a multi-lattice structure.
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Analysis of cyclic fatigue showed a general positive trend under high-cycle loading
applied vertically to the surface of the implant head. The exception was a very
insignificant fraction of the implant volume that could not withstand the number of cycles
required by GOST (Table 3).

Table 3. Quantitative characteristics of fatigue in endoprosthesis stem

Type of metamaterial cell
Cubic w. Diamond Double Gyroid Fischer- Schwarz D
supports pyramid Koch
Number of
elements unable
to withstand 27 1 32 39 40 32
required number
of cycles
Implant volume
unable to
withstand 9.53-10% 4.88-10°¢ 1.93-10* 1.03-10* 2.02-10* 3.59-10°
required number
of cycles, %

Conclusion

Scaffolds and endoprostheses, that is, implants in a broad sense, manufactured from
metamaterials are becoming increasingly widespread in tissue engineering and
regenerative medicine, so it is of interest to determine the strength characteristics of such
biomedical products. With this background in mind, we carried out a FEA-based
theoretical study on the strength of a hip endoprosthesis stem manufactured entirely
from highly porous meta-biomaterial, following the GOST R I1SO 7206-4-2012 standard
“Implants for surgery — Partial and total hip joint prostheses — Determination of
endurance properties and performance of stemmed femoral components”.

To design the endoprosthesis stem, we considered six configurations for the
internal porous structure of the metamaterial based on biocompatible titanium alloy
comprised by beam-type and TPMS unit cells. Digital 3D models of the hip endoprosthesis
stem were constructed from elementary structural units. Evidently, the effective elastic
moduli of the metamaterials lie in the range of physiological values of the cortical tissue
in the femoral diaphysis, and the elastic moduli tensor has the property of material
symmetry with respect to 90-degree rotation.

The standard procedure for testing the femoral components of endoprostheses was
used to develop digital stands for simulating the loading process and calculate the
stress-strain state of meta-biomaterial implants. The results obtained by finite element
analysis of the structure prepared from various types of metamaterials generally confirm
the load-bearing capacity of the given structures for the number of loading cycles set out
by the standard.

We found potential issues that may arise if insufficient attention is paid to the
complex shape of metamaterial implants and their additive manufacturing technology. In
particular, replicating the smooth shape of the stem made of solid material with a lattice
or surface meta-biomaterial can produce small regions of extremely low thickness, which
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in turn leads to computational problems. Therefore, a direction we propose for future
studies consists of developing new types of endoprostheses from meta-biomaterials,
focusing closely on preserving the structure of the metamaterial near smooth surfaces
with variable curvature.

We believe that digital tests can be used as a primary substitute for field
experiments in developing new types of endoprostheses from meta-biomaterials.
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ABSTRACT

The heat exchanger is the main heat engineering equipment in various industries. The design of modern
heat exchangers implies the presence of various turbulators. The purpose of turbulators is to increase the
efficiency of heat exchange processes. Research of turbulators is limited to finding the optimal ratio
between heat exchange parameters and hydraulic resistance of the system, without touching upon the
issues of changing the strength characteristics of heat exchangers. Within the framework of this article, an
analysis of a section of a tubular heat exchanger with a flow turbulator in the form of a lattice structure is
carried out. Within the framework of this article, the method of comparative numerical modeling was
chosen, consisting in the study of the stress-strain state and frequency response of the objects of study in
the original and modernized formulations, under the action of thermal and gas-dynamic loads, modeled in
heat-conjugate and mechanical analysis. The result of this study is the results of numerical modeling,
reflecting the general change in the stress-strain state and frequency response of the heat exchanger. The
analysis showed that the use of lattice structures reduces the average equivalent stresses in the heat
exchanger by 10-20 % depending on the flow mode. In addition, frequency analysis showed a significant
increase in the natural frequencies of the modified heat exchanger in the range from 86 % to 125 %. These
results show that the use of flow turbulators allows increasing not only the efficiency of heat exchange
processes, but also its strength.
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Introduction

Given the importance of the energy industry in various spheres, its development is linked
to the need to achieve high efficiency, cost-effectiveness, and environmental friendliness.
Future energy plants should demonstrate higher efficiency than current technologies,
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reduced fuel consumption, and minimal environmental impact. These requirements form
the basis for shaping energy development strategies in different countries.

There are many ways to improve power plants, such as by optimizing elements and
their parts, improving the efficiency of individual components of power plants, and using
alternative working fluids. All approaches improve the characteristics of turbomachines
to varying degrees but do not have a comprehensive approach, which has an impact on
one of the parameters. A complex impact on all parameters of this concept can be
provided by the use of high-efficiency heat exchangers. Thus, for example, the presence
of a heat-exchange apparatus in the gas turbine unit (GTU) increases the efficiency of the
power plant by reducing the amount of heat required for supplying to the thermodynamic
cycle, increasing environmental friendliness owing to the effective utilization of thermal
energy at the outlet from the turbine part of the GTU, and increasing efficiency by
reducing the fuel consumption burned in the GTU.

A heat exchanger is auxiliary heat engineering equipment used to transfer heat
energy from a heat carrier to a less heated body for the realization of various thermal
processes. The heat transfer process occurs during the flow of these heat carriers through
channels of various shapes. By analyzing the operating conditions of the heat exchangers,
it can be established that they are significantly affected by these isolated flows. Thus, the
heat exchanger apparatus is affected by:

1. Temperature loads. Temperature gradient: heat exchangers can be subjected to
significant temperature variations that cause thermal expansion and contraction of the
materials from which they are made. These variations can result in significant
tensile/compression stresses and plastic deformations.

2. Aerodynamic impact. Pressure gradient: the heat exchanger must be able to withstand
the operating pressure of the heat-transfer fluids, which can be significant depending on
the intended use of the heat exchanger. Pressure effects led to the formation of various
simple and combined bending stresses.

3. Mechanical loads. Vibrations: the presence of direct mechanical connections with other
units of the power plant, as well as unbalanced aerodynamic flows, leads to the
appearance of various vibrations in individual housing parts. The prolonged impact of
vibrations on structures can lead to the formation of various fatigue cracks, which can
lead to the violation of duct tightness and active mixing of coolants.

4. Chemical stress. Corrosion: interaction with aggressive chemicals can lead to the
development of corrosion on the surface of heat exchangers, which can also lead to cracks
and channel isolation failure. Deposition: Interaction with aggressive media leads to the
deposition of various solid particles on the surface of the heat exchanger, the
accumulation of which leads to the thickening and deterioration of the heat exchange
efficiency.

Neglecting these loads can significantly affect the service life and reliability of heat
exchangers. All of the above-mentioned influences must be considered in the design
stage of heat exchangers. However, as diagnostics show, it is impossible to perform a
comprehensive analysis of all loads because the heat exchange process is non-stationary
and can change the magnitude of its impact on the design during its operation.

The durability of heat exchangers is one of the key factors that determine their
longevity and performance. The strength depends on the material from which the heat
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exchanger is constructed, as well as the operating conditions. The materials used to
manufacture heat exchangers must be highly corrosion-resistant and resistant to high
temperatures. The most common materials used are stainless steel, titanium, aluminum,
and copper. Additionally, the strength of the heat exchanger depends on its design. For
example, plate heat exchangers have a large surface area for heat exchange, which allows
them to operate at high temperature and pressure. Certain elements of heat exchangers
can act as stiffeners, increasing their strength. It is important to note that the strength of
heat exchangers may decrease over time owing to exposure to aggressive media or
mechanical damage. Therefore, regular inspection and maintenance of the heat
exchangers should be performed to maintain their efficiency and safety.

By preventing possible defects in heat exchangers at the design stage, it is possible
to increase their durability, which in turn will positively affect the efficiency and economy
of the power plant itself. Thus, improving the efficiency and durability of heat exchangers
will reduce the cost of energy production, which will ultimately reduce the price for
consumers. Therefore, analyzing the defects of heat exchangers that occur during their
operation and searching for methods to eliminate these defects (both at the design and
operation stages) is an important direction of development in the energy industry.

For example, in [1], the process of describing the defects of heat exchangers, as
well as the reasons that led to their formation, is shown. The authors conducted an all-
sided analysis of the loads acting on the surface of the heat exchanger and found that
the defect occurred as a result of thermal fatigue, caused by temperature fluctuations due
to poor water circulation. Thermal stresses occurred which led to fatigue followed by
water leakage.

According to the other authors, the defects on metal tube resulted from the high-
temperature corrosion of the weld [2]. Scanning electron microscopy (SEM) analysis,
metallographic, and electrochemical corrosion studies showed that the base metal has a
higher corrosion potential than the weld under service conditions, which results in weld
corrosion.

Other researchers have also performed diagnostics of heat exchangers, during
which the development of corrosion on the surface of heat exchangers was observed [3].
The primary cause of corrosion development is the contact of the heat exchanger surface
with a high-temperature chemically aggressive medium.

In [4], tube overheating and failure due to scale formation were studied. The failure
samples in the field were obtained from the convection tube of the primary reforming.
The object was a spiral ribbed tube. The tube exhibited a tear accompanied by bulging.
The analysis performed using the finite element method in this study simulated real field
conditions. It was found that prolonged overheating due to scaling both outside and
inside the inner part of the tube prevents the smooth heat transfer process. Consequently,
this leads to the deterioration of heat transfer and violates the original design concept. A
metallurgical examination confirmed this conclusion. In addition, the finite element
analysis confirmed this conclusion.

Summarizing, it can be seen that heat exchangers work in extremely aggressive
environments, which negatively affects their strength and leads to destruction [5-7].

Preventing defects in heat exchangers is a critical aspect of their operation, because
defects can lead to reduced efficiency, increased operating costs, and even accidents.
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There are several methods for preventing defects in heat exchangers, which can be
divided into several main categories:

1. Project measures. Optimal choice of materials: use of materials resistant to corrosion,
erosion, and thermal deformation, such as stainless steel, nickel, or titanium-based alloys,
especially in aggressive environments. Thermal expansion consideration: the heat
exchanger is designed considering the thermal expansion of materials to avoid stresses
and deformations that can lead to leakage or joint failure. Coatings and protective layers:
application of protective coatings (e.g., anti-corrosion) on the internal surfaces of pipes
and plates to prevent corrosion and reduce fouling. Design optimization: a proper fluid
flow design to minimize stagnation zones and evenly distribute heat loads, thereby
reducing the risks of localized overheating or corrosion.

2. Operational measures. Operating parameter monitoring: continuous monitoring of the
temperature, pressure, flow rate, and other operating parameters to ensure that they are
within the design values. Deviations can cause thermal shocks, erosion, or accelerated
deposit formation. Filtration and cleaning: filters and separators are used to remove solids
and contaminants from the media to reduce the risk of erosion and clogging of the heat
exchanger pipes and ducts. Prevent thermal shocks: avoid sudden changes in temperature
and pressure, which can cause thermal shocks and structural damage.

3. Preventive measures and maintenance.

In summary, it can be seen that the process of operation of heat exchangers
produces the development of various types of defects, owing to the inability to take into
account the various non-stationary processes occurring in heat exchangers, as well as
technological inaccuracies. The level of impact from loads is a difficult task, and
improvement of the technological process is a more affordable solution to extend the
resources of heat exchangers. Based on this, the authors considered the option of
improving the heat exchanger apparatus through design changes. It is worth noting that
when designing heat exchangers, it is worth considering many factors besides durability:
efficiency, material costs, production costs.

The most common method of manufacturing heat exchangers is the use of standard
technological operations, such as casting, pressing, stamping, and rolling, as well as the
active use of various types of welding to form channels through which the coolants move.
However, additive technologies have been actively used for the manufacture of heat
exchangers [8,9]. Additive technologies are the process of creating objects by applying a
material layer-by-layer based on a three-dimensional model. Unlike traditional
manufacturing methods, where materials are usually removed or specially deformed to
create the shape of an object, in additive technologies, materials are added sequentially
to create the final product. The principle of 3D metal printing has made it possible to
create objects with highly complex geometries, with the possibility of integrating
additional stiffeners (lattices) into the design, which will also absorb additional loads
from the flow, thus reducing the overall stress concentration on the heat exchanger
surface [10]. In addition to heat exchangers, additive technologies are also used in other
energy machines. The technological process of additive manufacturing is also being
actively studied [11]. Thus, the additive manufacturing process covers a wide variety of
engineering industries. Technological features, designs and their mechanical properties
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are being actively studied. Advances in additive manufacturing have led to the creation
of three-dimensional periodic minimum surfaces (TPMS) for heat exchangers.

Another paper [12] reviewed different types of lattices, their properties and
applications, where it was found that lattice infill has unique properties that often cannot
be fully obtained using conventional fabrication methods. In addition, gratings effectively
absorb energy and distribute stress evenly, and such structures are highly rigid, which
will have a positive effect on vibration resistance. One of the most common types of such
gratings is the gyroid, which is a triply periodic minimum surface (TPMS) that can be
approximated by the following equation:
sinx - cosy +siny-cosz +sinz-cosz = 0. (1)

The properties of these structures are actively studied by various authors. For
example, in [13], a finite element analysis of the elastic properties of metamaterials based
on three-fold periodic minimal surfaces was provided.

The use of lattice structures to improve the quality of heat and mass transfer
processes is considered by the authors in another work [14]. There was a simulation of
heat transfer with lattice structures. In this work, the effectiveness of their use has been
proven. And the Nusselt number of a relatively smooth channel has increased from 2 to
5 times.

It is worth noting that, at present, the topic of increasing the strength of various
objects through the introduction of lattice structures is very relevant, since this
technology allows a significant increase in the strength properties of the object. Authors
have conducted both numerical and experimental studies to investigate the strength
properties of lattice structures.

In [15], compression and fall head tests of different types of lattices were performed.
In this study, the optimal design was selected, which has a high pedigree, while being as
durable as possible. In [16], the influence of the direction of the load on the compressive
strength of additively manufactured three-period frames with a minimum surface was
studied. Another article [17] examines the effect of porosity of various types of structures
on strength properties. Based on [17], the Gyroid lattice type can be distinguished as one
of the most durable types of gratings. In another study [18], the optimization of the TPMS
structure for titanium dioxide composite ceramics was accelerated using finite element
modeling (FEM) using a multi-purpose optimization algorithm. Quasi-static experiments
and jackhammer experiments were conducted to study the mechanical response and
deformation behavior of lattice structures in [19]. The global processes of structural
deformation were recorded by a digital camera. In another article [20], the mechanical
properties and energy absorption ability of printed TPMS samples with a gradient and a
stepwise variable structure were studied. The difference between the homogeneous and
stepped gyroid samples was negligible, and only one structural crack appeared during
the compression test. Also, speaking about heat exchange properties, it is impossible not
to consider the studies of heat transfer in these structures. The work [21] measured the
heat transfer efficiency of a number of heat exchangers based on three times periodic
minimum surfaces. The results showed that the TPMS sheet-gyroid design provides a high
heat transfer rate and a moderate pressure drop. In [22], three new structures of
mathematically controlled TPMS radiators were investigated using models based on
computational fluid dynamics (CFD). The results showed that TPMS-based heat sinks
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outperform conventional heat sinks by 48-61 % due to random flow disturbances and
high packing density. This work demonstrates the potential of porous TPMS architectures
as very promising heat sinks. Research has also been conducted on new methods to
improve convective heat transfer based on precise control of the gyroid-type TPMS lattice
structure in paperwork of other authors [23]. Some authors are already investigating real
objects and conducting a comparative analysis of the influence of lattice structures on
heat transfer. For example, in one of these works [24], a comparative analysis of the
cooling system of the turbine blade with classical columns-intensifiers of heat exchange
processes with a lattice structure was carried out. During this analysis, it was revealed
that TPMS is a more effective intensifier than classical ones. The effectiveness of TPMS
structures has also been proven in [25] on the design of a small-sized high-efficiency
lattice heat exchanger. In recent years, various authors have analyzed new designs for
heat exchangers manufactured using additive technologies [26,27]. In addition to
studying the designs, technologies and mathematical modeling of such lattice structures,
experimental studies are also being conducted that prove the high efficiency of these
structures in heat exchangers [28,29].

Analyzing the above articles, it was found that a single assessment of heat exchange
processes or strength characteristics of lattice structures is carried out. The main
emphasis in heat exchangers is on the study of the optimal ratio of heat transfer
parameters and hydraulic resistance coefficients, by varying the geometric parameters
and types of lattice structures. The issues of changing the strength characteristics of heat
exchangers during the integration of lattice structures remain unresolved, which does not
allow for a full assessment of the acceptability of using lattice structures in heat
exchangers to increase their efficiency and strength.

This paper is devoted to the study of the influence of lattice structures on the
strength of heat exchangers manufactured using additive technologies. In this study,
strength analysis of heat exchanger sections with and without a lattice structure was
carried out for a wide range of Reynolds numbers. The aim of this work is to carry out a
comparative analysis of the strength of a heat exchanger at different flow regimes
realized in a heat exchanger using numerical simulation.

Thus, the research object of the study is a heat exchanger. The aim of the study is
to conduct a comprehensive analysis of the influence of lattice structures on its operating
parameters. The tasks of this study are geometric modeling, the results of gas dynamic,
strength and vibration numerical studies, as well as comparison of results and impact
assessment.

Methods

This study was conducted using computer-aided engineering software Ansys 19 R2. This
calculation software has well proven the compliance of the output results for solving
strength and dynamic gas computational problems, which is confirmed by validation
studies. The temperature and pressure distribution data obtained as a result of gas
dynamic numerical simulation in Ansys CFX were set as the acting load on the heat
exchanger. The Steady State Thermal module was also used to account for heat transfer.
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The strength calculation was performed in the Ansys Static Structural and Ansys Modal
blocks.

The numerical study of the strength of the heat exchanger section described in this
paper is based on the results of gas dynamic modeling obtained by the authors in the
study [30]. This study investigated the efficiency enhancement of heat exchangers by
introducing turbulent lattice structures fabricated using additive technologies into their
design. The classical methodology for evaluating the efficiency of a lattice structure is
used to evaluate the efficiency of the flow turbulators. However, this turbulizer is also a
stiffener that can positively influence the strength characteristics of the structure, as
verified in this study.

Because the present study is based on the results of previous gas-dynamic
modeling, further analysis should include a comprehensive assessment of the
effectiveness of the use of lattice structures, including both the impact on the
intensification of heat transfer and the impact on the improvement of strength properties,
which should be considered in continuity with each other. Figure 1 shows a combined
flowchart of previous and current studies.
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Fig. 1. Block diagram of studies

The previous study was performed by numerical modeling of the heat transfer
process for two heat exchanger sections with and without the lattice structure inside. A
small section of the tubular heat exchanger was selected as a reference. In this heat
exchanger, one pipe of a smaller radius is located in a larger pipe. Hot liquid flows
through the inner pipe, and cold liquid flows through the outer one. A section of a lattice
gyroid structure was embedded in the center of one of the samples. The lattice structure
was modeled using nTop software. Straight sections were specially modeled, since when
setting boundary conditions, the flow parameters are averaged. At the entrance and exit
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near the lattice structure, the results are greatly distorted, since the flow inside and near
the lattice has a large spread of parameters, and averaging it, unreliable results are
obtained.

Figure 2 shows the geometrical models of the heat exchanger sections, with and
without a lattice structure. Table 1 lists the geometrical parameters of the investigated
sections of the heat exchangers.

Cold fluid

Cold fluid

Hot fluid

@

Fig. 2. Geometric models of the studied heat exchanger sections in cross-section:
(@) with and (b) without a lattice structure

Table 1. The geometric properties of the heat exchangers sections

Parameter Unit Value
Inner diameter of the pipe mm 48
Quter diameter of the pipe mm 80
Thickness of all walls mm 1
Length of the heat exchangers sections mm 240
Length of the lattice section mm 80
Periodicity size of the gyroid lattice mm 40

Using the results of the gas dynamic numerical study conducted earlier, static
strength calculations and modal frequency analysis were also numerically performed in
the present study. The calculation was also performed for the two heat exchanger
sections presented earlier in a previous study under different flow regimes (Re=1000,
Re=7500, Re=40000). Boundary conditions for CFD calculation are presented in Table 2.

Table 2. Boundary conditions

Parameter Unit Value
Cold fluid Hot fluid
Inlet velocity m/s 0.87/6.5/34.7 0.87/6.5 /347
Inlet temperature K 500 1000
Qutlet static pressure Pa 101325 101325

The strength calculation process involves several steps. First, previously created
geometrical models of the heat exchanger sections were imported. Subsequently, the
material (structural steel) is assigned. The source of the material properties of the heat
exchanger is the Ansys material database. For this study, a standard structural steel was
chosen since the main purpose of this work is a comparative analysis in which the
influence of the lattice structure on changes in stresses and frequencies in the design of
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the heat exchanger is investigated. In order to conduct a correct comparative analysis, it
is necessary to adhere to equivalent research objects with the same properties and
conditions. It should be noted that because this task is purely comparative, matching
material properties to real properties with high accuracy is not necessary. In this case, for
a correct comparison, the main point in setting up the solution to the problem is ensuring
the same boundary conditions and corresponding loads.

Subsequently, a computational mesh was created by dividing the model into finite
elements. Due to the fact that geometrically the gyroid is a complex surface, it is not
possible to create a block-structured grid for this section of the heat exchanger.
Therefore, the unstructured grid type was chosen. The mesh models of the two sectors
differ quite significantly. In the case of a smooth heat exchanger, the mesh is significantly
simpler and more uniform in length. In the sector with a lattice structure, the mesh
thickens at the joints of the walls, as well as in geometrically complex parts of the heat
exchanger. The total number of mesh elements for a heat exchanger without a lattice
structure is 672188, and for a sector with it number of elements is 880470. The size of
the meshes elements is 1 mm.
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Fig. 3. Mesh independences analysis results: (a) with and (b) without lattice

When building a computational mesh, it is worth considering that the accuracy of
the calculations and the time of analysis depend on its quality and mesh size. A finer
mesh yields more accurate results but significantly increases the computational time. The
choice of the mesh element size should be guided by the achievement of mesh
independence. Mesh independence is a concept in numerical methods that denotes the
state when the results of a numerical simulation become virtually independent of the size
and structure of the mesh used for the computation. Thus, the optimal grid was selected
based on the results of the analysis of grid independence. It was estimated by the average
values of stress. Figure 3 shows mesh independent results. In these graphs, the values of
the mesh model elements selected for further calculations are highlighted with dots.

After the mesh model was built, the static strength was calculated in the Static
Structural module, which used the finite element method to determine the stress and
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strain distributions.

The setup of the gas dynamic calculation was described in more detail in the
previous article [30]. This strength calculation was solved within the framework of an
elastic formulation and all stresses and deformations obtained in this study are described
within the framework of Hooke's law.

When creating a computational model for strength calculation, the following
boundary conditions were set:

1. the temperature distribution along the walls of the heat exchanger obtained during
the gas dynamic calculation;

2. the pressure distribution along the walls of the heat exchanger obtained during the
gas dynamic calculation;

3. pinning condition “Fixed Support” at the edges of heat exchangers.

Ansys used the finite element method (FEM) to calculate static strength. The
equation used to determine the stresses and deformations in the elements is as follows:
KA=F, (2)
where K is the element stiffness matrix, A is the vector of nodal movements, F is the
vector of external forces and moments.

This equation is solved by a system of equations using the Gaussian method or other
methods of numerical linear algebra. As a result, we obtain the values of the nodal
displacements A, which are then used to calculate the stresses in each element according to:

Oux = E(&xx +vEyy),

Oy = GV,

xy ~ Yy (3)
Oyz = G)/yz:

sz = GYZX’

where o is the stress vector, E is the Young's modulus, v is Poisson’s ratio, G is the shear
modulus, y is shear strain between the corresponding planes.

This was followed by modal analysis in the Ansys Modal, which allowed the
determination of natural frequencies and vibration shapes.

Results and Discussion

In the earlier research process, it was found that the lattice structures intensified heat
transfer by creating vortex flow structures, as well as by increasing the heat transfer area.
Also, in the described article was carried out a comparative analysis of the obtained
results of heat transfer intensification with the results of intensification by using classical
turbulators, such as different types of fins. According to the results of the analysis, the
investigated turbulizers were found to be more efficient than classical turbulizers. As a
parameter to evaluate the effectiveness of the lattice structure as a heat exchange
intensifier was used parameter Nu/Nusmeo:n Which shows the increase in the Nusselt
number (the criterion of similarity of thermal processes, characterizing the relationship
between the intensity of heat exchange due to convection and the intensity of heat
exchange due to conduction) when using a flow turbulator relative to the smooth section
of the heat exchanger. It should be noted that the study was conducted at different
velocities of the working medium at the inlet to assess the effectiveness of this type of
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turbulizer for different flow types (laminar and turbulent). Thus, it was possible to
determine the most effective flow type for this type of turbulator. Figure 4 shows a graph
of the dependence of the parameter Nu/Nusm.e» ONn the Reynolds number. The results
obtained from the static strength calculations and modal analysis are presented in
Table 3. Figures 5-8 show the results obtained during the strength calculation.

Nu/NLl'sm(mlh
2 2,5

1,5

1000 10000
Re

Fig. 4. Graph of dependence of the Nu/Nusmeotn parameter on Reynolds number

Table 3. Strength calculation results

Value
Parameter Unit | Without lattice With lattice
Re=1000 | Re=7500 | Re=40000 | Re=1000 | Re=7500 | Re=40000
Z\‘L’erage displacement | | 013375 | 013267 | 012458 | 013173 | 012459 | 0.12651
avg
Average stress g, MPa | 668.79 658.56 609.73 547.60 523.36 541.61
Average stress at MPa | 92734 | 90043 | 769.80 67535 | 67060 | 748.19
inner wall gy, g4g
Average stress at MPa | 51620 |516.04 |517.03 577.61 | 58343 | 528.18
external wall gy qvg
Average stressvalue | \p, | - - 28032 | 26022 | 277.41
at lattice gyattice avg
1st natural frequency w; | Hz 1554.6 3493.1
2nd natural frequency w,| Hz 1554.7 3496.9
3rd natural frequency ws | Hz 1738.7 3747.2
4th natural frequency w, | Hz 1738.8 3797.0
5th natural frequency ws | Hz 2044.2 3807.8
6th natural frequency wg | Hz 2044.3 3818.0
Mass m kg 0.7694 0.8665
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Fig. 5. Diagrams of stress values in the heat exchanger sections for different flows:
(a) without and (b) with gyroid lattice
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Fig. 6. Diagrams of stress values in the heat exchanger sections for different flows (cross-section):
(a) without and (b) with gyroid lattice
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Fig. 7. Diagrams of the total displacement in the heat exchanger sections for different flows:
(a) without and (b) with gyroid lattice
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For greater clarity of the differences in the results, the data were processed and
presented in the form of graphs.

Figure 9 shows a graph of the dependence of the number of average stresses and
average deformations in the heat exchange sectors for different flow regimes.
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Fig. 9. A graph of the dependence of the average stress (a) and average deformations (b) in the heat
exchanger sections depending on the number of Re

From the obtained data, it can be observed that the stresses vary depending on the
different impacts of the flow on the walls of the heat exchanger. It should be noted that
the stresses of the heat exchanger section with a lattice structure were lower, as
expected; however, at higher Re values, this difference was significantly reduced. This is
primarily due to the fact that the structure is affected by static pressure from the flow
side. The change in static pressure is described by Bernoulli's law and is related to the
change in both dynamic pressure and hydrostatic pressure:

2
Protar = Pstatic T % + pgh = const. 4)

The main element of the structure, represented as a lattice structure located in the
outer loop, had a significant influence on the change in the flow pattern. This is due to
the conversion of the potential energy of the pressure into kinetic energy, which
significantly affects the change in flow velocity. According to Bernoulli's law, the
condition of constancy of the total pressure must be observed, which is expressed as the
change in the dynamic component of the pressure and leads to a decrease in the static
component of the total pressure. It is important to note that the mode parameters of the
compared designs of the heat exchangers are identical at the inlet boundaries, that is,
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the total pressure is the same. Hence, it follows that the design with a gyroidal lattice
accepts a lower load value as a result of lowering the static pressure caused by an
increase in the dynamic component of the pressure (velocity) of the flow inside the heat
exchanger. The velocity diagrams are presented in the previous study [30].

Analyzing the graph shown in Fig. 9, it can be seen that the values of the average
stresses for the heat exchanger with the TPMS lattice are lower than those for the heat
exchanger without the lattice. However, it can be observed from the graph that the values
of the average stresses for the heat exchanger without a lattice monotonically decrease
as the Reynolds number increases. On the contrary, for the heat exchanger with a lattice
structure, this trend is not followed, and there is an extremum point after which the
values of the average stresses start to increase. This can be explained by the fact that the
flow regime, which is realized in the heat exchanger with a gyroid in addition to the
impact of the flow on the structure, has an additional impact in the form of flow
fluctuations in its parameters. Fluctuations are absolute peaks relative to the average
values. In a heat exchanger with a lattice, there is a more pronounced fluctuation of the
flow over the entire size of the channel compared to a smooth channel, where there are
smoother changes in the flow parameters, which are concentrated mainly in the near-
wall area.

The graph of the dependence of the mean strain values shows a similar dependence
as that of the mean stress values. The dependencies presented in the graph are directly
correlated with the stress values presented in Fig. 9. This indicated the physicality of the
calculated results.

Plots of the changes in the average stresses in the cross-section for the heat
exchanger sectors along their lengths for different Re numbers are presented in Fig. 10.
The dotted line indicates the sector with a lattice gyroid structure. From these plots, it is
clear that the stresses decreased owing to the addition of the lattice structure.

By evaluating the stress values of the presented heat exchanger sections, it can be
observed that the average stresses for the Reynolds numbers of 1000 and 7500 regimes
are lower when using a lattice structure along the entire length. This can be explained
by the fact that part of the load is taken up by the lattice, thus minimizing the stress on
the outer and inner walls. In these plots, the stresses absorbed by the TPMS lattice were
expressed as a sharp drop in the stress value in the sector with it. However, by analyzing
the values of the average stresses for the case with a Reynolds number of 40000, an
increase in the number of average stresses in the section without the lattice is observed.
The explanation of such behavior of the systems can also be additional aerodynamic
influences from the flow side.

In addition to the effect of the lattice structure on the structural strength of the heat
exchanger, the effect of the lattice structure on the frequency response was evaluated.
Any construction has an infinite number of forms of natural vibration.

The natural frequency of the vibration depends on the stiffness and mass of the
structure. Thus, the vibration frequency equation for the structures can be represented as
follows:

w = aJK/m, (5)

where K is the structural rigidity, m is the mass, « is the empirical coefficient.
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Fig. 10. Graphs of changes in average stresses in the cross section for heat exchanger sectors
along their length: (@) Re = 1000, (b) Re = 7500, (c) Re = 40000

The results of the frequency analysis obtained in the process of modeling the
operating conditions of the heat exchanger sections showed a significant increase in the
natural frequencies of vibrations owing to the increase in the rigidity of the structure.
Natural frequencies and forms of vibrations depend on the shape of the object in
question, the material from which it is made, and the conditions of fixation. In this case,
it turns out that the mass of the heat exchanger section increased with the addition of
the lattice structure, which in turn negatively affected the vibration resistance properties
of the object (natural frequencies were reduced). However, this structure is also a
stiffener, which has a positive effect on the rigidity of the structure and therefore the
vibration resistance properties of the heat exchanger section.

Increasing the natural frequencies of the structure is necessary to prevent resonant
phenomena that can lead to the damage or destruction of the structure. Resonance occurs
when the frequency of the external load coincides with the natural frequencies of the
system. This leads to significant fluctuations that can exceed permissible limits and cause
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serious damage. To avoid resonance, it is necessary to increase the natural frequencies
of the structure above the range of the possible external load frequencies. Figure 11
shows the histogram of natural frequencies for both heat exchanger designs.
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Fig. 11. Histogram of natural frequency values for various forms of vibrations

Based on the calculated data shown in Fig. 11, it can be seen that the natural
frequencies of the heat exchanger section with the embedded grating are much higher
than those of the smooth section. This indicates that despite the increase in mass and its
negative effect on the frequency response, the increase in stiffness of the structure had a
more significant effect on the frequency response, which ultimately improved the
dynamic strength of the heat exchanger.

Conclusions

Summing up this article on the study of the effect of lattice structures on the strength of
the heat exchanger, it was found that:

1. The positive effect of lattice structures on heat transfer in heat exchangers has been
revealed. It has been established that the use of lattice structures improves the processes
of heat and mass transfer, which is confirmed by numerical calculations and experimental
data (Fig. 4).

2. A decrease in average stresses in the heat exchanger has been established when using
lattice structures. According to finite element calculations, lattice structures can reduce
average stresses by 10-20 % for flows with low Reynolds numbers, which increases the
static strength of the heat exchanger.

3. The limitations of the use of lattice structures are determined. It is established that in
regimes with high Reynolds numbers, the influence of lattice structures becomes
negative due to an increase in stress values caused by increased flow fluctuations. This
opens up prospects for optimizing the geometric parameters of lattice turbulators to
improve the efficiency of heat transfer.

4. An increase in the rigidity and frequency characteristics of a heat exchanger with lattice
structures has been revealed. Frequency analysis showed that the introduction of lattice
structures increases the natural frequencies of the first six oscillation forms by 86-125 %,
which contributes to an increase in the dynamic strength of the heat exchanger.
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5. The expediency of using lattice structures to increase the service life of heat
exchangers is shown. Increasing natural frequencies minimizes dangerous low-frequency
deformations, which reduces the risk of structural failure during prolonged operation.

6. Further investigation of the empirical dependences of the heat transfer parameters on
the characteristics of the lattice is recommended. It is proposed to use numerical methods
to optimize the geometry of lattice structures in order to increase their efficiency and
reliability in heat exchangers.

The aggregate of the above points forms an overall academic assessment
establishing a comprehensive relationship between the use of lattice designs, heat
transfer intensification and improved strength performance of heat exchangers. The
results, validated by numerical simulations and frequency analysis, demonstrate practical
value in optimizing heat exchangers for regimes with different Reynolds numbers. The
study contributes to the theory of heat transfer and strength calculations, offering new
engineering approaches and forming the basis for further development of empirical
dependencies of heat transfer parameters on the characteristics of grids, which has
prospects for improving the energy efficiency and durability of equipment.
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ABSTRACT

The microstructural model of the mechanical behavior of shape memory alloys was applied to describe the
operation of a thermomechanical torsion actuator with a TiNi alloy working body and an elastic
counterbody. The calculated dependences of a recovery strain, maximum stress in a cycle, and irreversible
deformation on the cycle number were plotted for the working body of the actuator. It is shown that from
cycle to cycle there is an accumulation of irreversible deformation, the rate of which gradually decreases.
As a consequence, both the value of a recovery strainand the value of the stresses developed by the actuator
decrease, which together leads to a decrease in the work output. The influence of the stiffness of the elastic
counterbody on the specific work produced in the cycle was investigated. It is shown that the produced
work depends non-monotonically on the stiffness of the counterbody and there is an optimal stiffness at
which this work is maximized.
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Introduction

Currently, actuators with working bodies made of shape memory alloys (SMA) are being
actively developed and manufactured [1-16]. One of the main sources of interest in such
actuators is the strict requirements for the weight of the product in modern aircraft,
spacecraft, and various robotic systems. SMA-based actuators allow achieving a weight
gain of up to 80 % compared to similar electric and hydraulic actuators [11]. In addition,
SMA-based actuators are highly reliable, have high rates of developed forces, are quiet in
operation, have a simple design, and have a small number of moving parts. At the same
time, SMAs can be equally well used in large actuators that develop significant forces, as
well as in microactuators.

The operation of a thermomechanical actuator with SMA working bodies is based
on the implementation of the shape memory effect - the restoration of deformation
during heating. Accordingly, when the working body cools, the actuator must return to its
initial state. The restoration of the initial deformation occurs due to the effect of
transformation plasticity, which is realized when an external load is applied during
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cooling. Thus, the working cycle consists of two stages: the "cocking” stage, when the
working body accumulates deformation and the actuation stage, when the deformation
of the working body is restored. Actuator designs can be different, but we can distinguish
between double-sided actuators capable of developing forces in two opposite directions,
and single-sided actuators, with a working stroke in one direction. Double-sided actuators
usually use two working bodies made of SMA, which alternately perform a working stroke,
simultaneously cocking each other [14-16]. But more often, single-sided actuators are
used, the design of which usually includes a SMA working body, which performs useful
work when heated, and an elastic counterbody, which restores the initial deformation of
the working body when cooled due to the stored elastic energy.

Despite the many advantages of SMA-based actuators, they have some drawbacks.
The main drawback is the instability of the functional properties of SMA. Multiple
implementation of the actuator's working cycle leads to the accumulation of irreversible
deformation, a change in the characteristic temperatures of martensitic transformations,
a decrease in the magnitude of the recoverable deformation and the developed
forces [17]. This phenomenon manifests in all SMAs, the scale of changes depends on
many factors, such as the alloy composition, the type of transformation, preliminary
thermomechanical treatment, the magnitude of the acting load during the
transformation, etc. [18-22]. Instability of properties can lead to a decrease in the useful
work produced in the actuator's working cycle or to its incomplete operation.

Successful design of SMA-based actuators requires reliable tools of calculating the
features of their mechanical behavior, including the instability of SMA properties. In
known studies [15,16,23,24], simplified approaches and simple models are used to
describe the behavior of the working element, which only allow one to approximately
determine the actuator characteristics. On the other hand, there are microstructural
models that can describe all the functional properties of SMA [25-28]. This class of
models has a high predictive power and is capable of describing changes in SMA
properties under repeated thermomechanical effects. But these models are not simple
and transparent enough, and using them to solve specific problems requires additional
efforts. In this regard, the purpose of this work was to study the possibility of using a
microstructural model to describe the operation of a thermomechanical actuator based
on SMA,

Microstructural model

To describe the mechanical behavior of SMA, the microstructural model developed earlier
by the authors [28-32] was used in the present work. The representative volume
considered within its framework corresponds to the material point of the material. The
microstructural model implies the existence of several structural levels, which, in order
to better describe the alloy behavior, should reflect the actual microstructure of the
material. In the proposed model, it is considered that the representative volume consists
of grains with different orientations of the crystallographic axes, which, in turn, consist
of volumes occupied by austenite and/or orientational variants of martensite.

According to the Reuss hypothesis, the deformation of the representative volume is
calculated by orientational averaging of the deformations of the grains that compose it:
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£ = Z F(@)e (W), (1)

where w is the orientation of crystallographic axes, f(w) is the volume fraction of grains
with orientation w, and €%(w) is the deformation of these grains. The grain deformation
can be represented as the sum of contributions of individual deformation mechanisms:
g9 = efF 4+ T + P 4 £MP, (2
where &€ is elastic deformation determined by Hooke’s law, €' is temperature deformation
due to thermal expansion, €™ is phase deformation, " is microplastic deformation.

To describe the phase deformation, the model introduces internal variables @, such
that @,/N is the volume fraction of the n-th martensite variant, where N is the number of
possible martensite variants. The grain phase deformation £ is calculated by averaging
over all martensite variants:

N
1
ePh = Nz ®, D™, 3)
n=1

where D" is the Bain strain tensor for the n-th variant of martensite.

The martensitic transformation condition is as follows:

E, = +F/T, (4)
where F, is the generalized thermodynamic force causing the growth of the n-th variant
of martensite, F" is the dissipative force preventing the movement of interphase
boundaries and responsible for the presence of temperature-phase hysteresis, the “+” sign
corresponds to the direct transformation, and “-"to the reverse one.

The growing martensitic crystal, due to the incompatibility of its deformation with
the austenitic matrix, creates internal stresses causing microplastic deformation. When
calculating this microplastic deformation, the main assumption is that the microplastic
deformation generated by the growth of a certain martensite variant is proportional to
the deviator of the Bain deformation of this variant:

N
1
eMP — NZ K™ dev(D™), (5)
n=1

where &, is the scalar measure of microplastic deformation associated with the growth
of the n-th martensite variant, « is the scale factor for microplastic deformation.

The conditions for the onset of microplastic yield are similar to those for plastic
yield in the one-dimensional case, taking into account kinematic and isotropic hardening,
where the role of stress is played by the generalized thermodynamic force £/, and the
thermodynamic forces P and F.# correspond to kinematic and isotropic hardening:
|F? —E?| = F¥, (EY —F/)dEf >0, (6)
the generalized thermodynamic force causing microplastic deformation is calculated as
follows:

N
Fr? =u Z Amn(q)m - bm)' (7)
m=1

where b, is the density of oriented defects, A is the matrix defining the interaction of
martensite variants described in detail in [33,34], and the coefficient u is calculated as
follows:
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_ qo(My — My)
T T,(1-2a)’ (8)
M, + Ay
Ty = — 9)

where qo is the latent heat of transformation, M; and M; are the temperatures of the
beginning and end of direct martensitic transformation, Asis the temperature of the end
of reverse transformation, Ty is the thermodynamic equilibrium temperature of the phases
(austenite and martensite), a is the interaction coefficient of martensite variants.

Deformation defects resulting from microplastic yielding can be divided into two
groups: oriented defects, which create long-range stress fields, and scattered defects. To
calculate the densities of oriented defects b, and scattered defects f, the following
evolution equations are proposed:

. 1
by = &7 — 5 |bnlén P H(bnén™), (10)
N
f= D 1P+ n(f — f)@ITH(-0), (11)
m=1

where H is the Heaviside function, 8" is the maximum density of oriented defects in grain,
r; is the recovery coefficient of scattered defects, fo is the equilibrium value of scattered
defects.

In order to obtain a closed system of equations that allows the calculation of all
internal variables, it is necessary to introduce hardening laws. In the model, it is
considered that scattered defects impede the movement of dislocations and thereby
create isotropic hardening, and pile-ups of oriented defects, generating internal stress
fields, create kinematic hardening. Linear dependences are proposed to relate hardenings
to defect densities:

FY = a,by, (12)
FY =a,f, (13)
where a, and ay, are the kinematic and isotropic hardening coefficients, respectively.

Simulation results

The object of the study was a torsion actuator with a TiNi alloy working body and an
elastic counterbody. In order for the actuator's working body to recover deformation and
generate stress upon heating, it needs to be given an initial strain. In the simulated
experiments, the sample was pre-strained in the martensitic state to 7 % and connected
to an elastic counterbody of a given stiffness after unloading. Then, heating up to 450 K
caused the working stroke of the actuator (deformation recovery and stress increase), and
cooling to 300 K caused cocking (increase in strain and decrease in stress). In the strain-
stress coordinates, a linear trajectory corresponds to the working stroke and cocking. The
slope of this line is determined by the stiffness of the counterbody. The scheme of
preparation of the actuator working body and its functioning is shown in Fig. 1.

To verify the ability of the presented model to describe the behavior of SMA under
thermomechanical actuator conditions, numerical experiments corresponding to real
experiments from [17] for a single-sided actuator with working element made of TiNi
alloy and elastic counterbody were carried out. In the model, a particular alloy is defined
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Fig. 1. The scheme of initial preparation of the actuator working body and its functioning under
thermocycling
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Fig. 2. The evolution of a recovery strain (a) stresses developed by the actuator (b) and accumulated
residual strain (c) at thermocycling for the actuator with a counterbody stiffness of 11.3 GPa

by a corresponding set of material constants. For the calculations, characteristic
temperatures and latent heat of martensite transformations were taken directly from [17],
a temperature of the thermodynamic equilibrium was calculated by Eg. (9), a number of
martensite variants corresponds to B2«<>B19" martensitic transformation realized in TiNi
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alloys, other constants were fitted to best describe the change in the working cycle
parameters of the actuator with a counterbody stiffness of 11.3 GPa at the first ten
actuations. The considered cycle parameters included: a recovery strain i.e. strain
recovered by heating (Fig. 2(a)), maximum stresses developed by the actuator (Fig. 2(b)),
accumulated residual strain (Fig. 2(c)). In Fig. 2, it can be seen that the selected constants
allowed the model to describe well the evolution of the considered parameters of the
actuator working cycle for the first ten operations. The list of material constants used for
modeling is presented in Table 1.

Table 1. Material constants for TiNi alloy

Material constant Symbol Value
Number of martensite variants N 12
Latent heat (enthalpy) of the direct martensitic
transformation, MJ/m? do -160
M 310
- . . M; 332
Characteristic temperatures of martensite transformation, K A 340
As 363
Temperature of the thermodynamic equilibrium, K To 347.5
interaction coefficient of martensite variants o 0.2
Microplastic strain scaling factor K 1
Coefficient of isotropic hardening, MPa ay 1
Coefficients of kinematic hardening, MPa ap 10
Maximum value of the oriented defects density I3 0.6
Initial value of scattered defects fo 0
Scattered defects recovery coefficient r 0
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Fig. 3. The evolution of a recovery strain (a) and accumulated residual strain at thermocycling

To verify the predictive power of the model, numerical experiments were performed
for other counterbody stiffnesses. Figure 3 shows a comparison of the calculated and
experimental strain dependences of the shape memory effect and the accumulated
residual strain for the first ten cycles. Figure 3(a) demonstrates that the model predicts
very well the evolution of a recovery strain up to stiffness 23.5 GPa. For larger values of
the counterbody stiffness there are some numerical discrepancies, but nevertheless there
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is a good qualitative agreement. Similar results were obtained for irreversible
deformation (see Fig. 3(b)), good agreement is observed up to a stiffness of 34.4 GPa, and
for larger values there is a quality compliance. Thus, the model with a single set of
material constants allows obtaining good results for stiffnesses close to 11.3 GPa (for
which the constants were selected), and for the rest it gives a qualitative agreement.

According to experimental data [17], a significant portion of the residual strain
appears during the preparation of the working element (preliminary deformation and first
heating - cycle 0 in Fig. 3(b)), and then it gradually increases from cycle to cycle. It is
also noted that with high counterbody stiffness, more irreversible deformation
accumulates during the preparation process, but then it grows insignificantly. Since the
accumulation of irreversible deformation leads to a decrease in a recovery strain, then
with high stiffness values it also exhibits greater stability. These features of the operation
of actuators with different counterbody stiffness can be described using the proposed
model.

To determine the efficiency of the actuator, the amount of specific work produced
during heating must be estimated. It can be calculated by the equation:

Trysm

5

where y*" is the a recovery strain and ' is the stresses developed by the actuator.

The calculation of the influence of the counterbody stiffness on a recovery strain
and the stresses developed by the actuator are shown in Figs. 4(a) and 4(b), respectively.
It can be seen that a recovery strain decreases with increasing counterbody stiffness,
while the stresses developed by the actuator increase. Since the specific work of the
actuator is proportional to both of these quantities, the antidirectionality of the
dependencies makes the choice of the optimal counterbody stiffness non-obvious. It can
also be noted that thermal cycling leads to a decrease in both the recovered strain and
the developed stresses regardless of the stiffness of the counterbody. Therefore, it can be
concluded that the specific work of the actuator will gradually decrease during the
operation of the actuator.
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Fig. 4. The dependences of a recovery strain (a) and stresses developed by the actuator (b) on stiffness
of counterbody for first and tenth cycle
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A series of numerical experiments were carried out to find out the optimum stiffness
to obtain the highest specific work. The calculated data presented in Fig. 5(a) qualitatively
correspond to similar experimental data [17], which are presented in Fig. 5(b). As can be
seen in Fig. 5(a) the specific work of the actuator changes non-monotonically as the
stiffness of the counterbody increases. There is an optimal stiffness in the range of
10-15 GPa. As mentioned above changes occurring in the alloy during thermal cycling
negatively affect the work produced by the actuator, but they practically do not change
the optimum stiffness (see Fig. 5(a)).
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Fig. 5. The dependence of specific work on stiffness of counterbody for first and tenth cycle, simulation
(a) and experiment [17] (b)

The existence of a maximum of the work produced is an interesting result and is
explained in [17] as follows. The useful work depends on the magnitudes of the recovered
strain and the developed stresses, but when the working element is heated during the
working stroke, these magnitudes are related. In the absence of counteraction, when the
developed stresses equal to zero, the largest recoverable strain is achieved. The highest
reactive stresses are achieved under condition of absolutely constraint displacements, i.e.
when the recoverable strain is zero. It follows that, in both extreme cases, the work
produced by the SMA element is equal to zero. However, in the intermediate cases, there
are both recoverable strain and reactive stresses and accordingly the actuator produces
positive work. Hence, there is possible to find the optimal combination of developed
stresses and recoverable deformations (determined by the stiffness of the counterbody)
which provide the maximum work output.

Conclusions

The presented microstructural model is able to quantitatively describe and predict the
deformation behavior of SMA under the operating conditions of the thermomechanical
actuator. It makes it possible to describe the evolution of the actuator working cycle
parameters at multiple actuations and the peculiarities of the working element behavior
at different counterbody stiffnesses. Results of numerical experiments are in good
agreement with experimental data.
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The model allows to calculate the performance of the actuator in the first cycle and
after multiple actuations. It also makes it possible to describe the non-monotonic
variation of the specific work as a function of the counterbody stiffness and thus can be
used to optimize the actuator working cycle.
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ABSTRACT

Despite magnesium's high strength-to-weight ratio and eco-friendly nature, its limited industrial applications due
to low corrosion and wear resistance have prompted extensive research into enhancing these properties.
Magnesium matrix composites have been developed with various reinforcements, including B4C, SiC, carbon
nanotubes, graphite, and titanium (Ti). Among these, Ti is particularly promising as it improves wear resistance
while preserving mechanical strength and ductility. In this study, the influence of Ti volume fraction on the
thermal properties of AZ91/Ti composites fabricated via powder metallurgy is explored. Results revealed a
reduction in thermal conductivity up to 6 % Ti content (6 W/m-K), attributed to Ti's lower thermal conductivity
compared to magnesium. However, the Mg + 8% Ti composite exhibited enhanced thermal conductivity
(10.51 W/m-K), but mechanical properties degraded. After analysis of physical, mechanical, and thermal tests, it
is concluded that 6 % Ti volume fraction is the optimum choice for balancing mechanical performance in Mg/Ti
composites. This research contributes valuable insights for tailoring Mg/Ti composites to specific engineering
needs, offering a potential solution to the challenge of wear resistance in magnesium-based materials.
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Introduction

Magnesium has garnered significant attention across various industries owing to its
remarkable attributes, notably its high strength-to-weight ratio, surpassing that of other
common metallic structural materials such as aluminum, copper, and iron [1-3].
Furthermore, magnesium is hailed for its eco-friendly nature. However, despite its
commendable low density and high biocompatibility, the widespread industrial
applications of magnesium remain limited due to its inherent shortcomings, primarily its
low resistance to corrosion and wear [4,5]. To address this limitation, researchers
worldwide have diligently focused on the development of magnesium matrix composites
with superior corrosion and wear resistance [6,7].

Magnesium alloys were chosen over aluminum or copper alloys for their superior
strength-to-weight ratio and specific properties crucial for wear and strength
applications, including lightweight design, corrosion resistance, and mechanical
performance. These characteristics align with the specific requirements of electronic
devices applications such as laptop and mobile body.
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To enhance the wear resistance of magnesium, ceramic and carbonaceous
reinforcements have been employed, which have indeed shown promising results [8,9].
However, the introduction of ceramic reinforcements, while bolstering wear resistance,
is often accompanied by a reduction in toughness and thermal conductivity [10,11]. On
the other hand, the addition of carbonaceous reinforcements enhances strength and wear
resistance, but agglomeration issues and thermal concerns persist [12,13]. To surmount
these challenges, the introduction of metallic reinforcements, specifically aluminum (Al)
and titanium (Ti), into the magnesium matrix has become a focal point for researchers
[14-16]. These metallic reinforcements not only augment strength and wear resistance
but also provide enhanced ductility and improved thermal conductivity [17-20].

The present research endeavors to delve into the impact of Ti reinforcement on the
thermal behavior of AZ91/Ti composites, which have been meticulously fabricated using
the powder metallurgy technique [21-24]. This method was chosen over alternative
composite fabrication techniques due to its advantageous features, including high material
utilization, minimal scrap generation, and reduced machining requirements [25-28].
In the context of the growing concern regarding heat dissipation in electronic devices,
this study aims to shed light on the potential of AZ91/Ti composites to address this issue
effectively, further enhancing the overall functionality of electronic devices.

Materials and Methods

In this study, two crucial materials played a pivotal role in the creation of composite
materials tailored for electronic device applications. The matrix material selected was
magnesium alloy AZ91, which was acquired in powder form from Parshwamani Metals,
located in Mumbai, India. This magnesium powder, characterized by irregular particle
shapes, exhibited an average particle size of approximately 50 um. The supplier indicated
a purity level of about 99 % for the magnesium powder. Additionally, titanium (Ti) was
chosen as the reinforcing material, and this too was sourced in powdered form from the
same supplier. The titanium powder displayed similar irregular particle morphology,
albeit with a slightly smaller average particle size of about 30 ym and was also reported
to maintain an impressive purity level of around 99 %, as provided by the supplier.

The rationale behind the selection of titanium as the reinforcement material is
grounded in the advantageous properties it brings to the composite. Notably, titanium
possesses exceptionally low solid solubility when combined with magnesium. This
attribute is particularly advantageous since it precludes the formation of tertiary hard
phases within the composite. Significantly, the inclusion of titanium in the composite is
geared towards a substantial enhancement of its strength, a critical factor for electronic
device applications such as laptop and mobile body. Equally important is the fact that
while increasing the strength of the composite, the introduction of titanium does not
compromise the material's ductility. This pivotal characteristic ensures that the
composite retains its ability to deform plastically without fracturing under load, which is
essential in the context of electronic device applications. Considering the specific
challenges and demands associated with electronic devices, the judicious selection of
magnesium alloy AZ91 as the matrix material and titanium as the reinforcing component
forms the cornerstone of this research. The aim is to create composite materials that not
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only possess enhanced strength but also exhibit superior thermal characteristics, well-
aligned with the requirements for effective heat management in electronic devices.
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Mg + 8% Ti

Fig. 1. Flow diagram of powder Fig. 2. A photograph of sintered Mg alloy and Mg/Ti
metallurgy process composites

The fabrication of Mg/Ti composites was carried out via a well-structured powder
metallurgy technique, as outlined in Fig. 1 [29-32]. To investigate the influence of
varying volume fractions of matrix and reinforcement materials, five distinct sample types
were meticulously prepared, as detailed in Table 1. The selection of the volume
percentage of titanium was based on established findings in the existing literature.

Table 1. Sample specifications

Sample Composition
Mg 100 vol.% Mg + 0 vol.% Ti
Mg + 2% Ti 98 vol.% Mg + 2 vol.% Ti
Mg + 4% Ti 96 vol.% Mg + 4 vol.% Ti
Mg + 6% Ti 94 vol.% Mg + 6 vol.% Ti
Mg + 8% Ti 92 vol.% Mg + 8 vol.% Ti

The production process commenced by accurately weighing the requisite quantities
of the purchased matrix material (Mg) and reinforcement material (Ti) powders based on
the predetermined volume fractions. This weighing was executed with precision using an
electronic weighing balance. Subsequently, the meticulously weighed powders were
combined and subjected to mechanical blending in a planetary ball milling machine. This
milling process operated at 200 revolutions per min (rpm) for a duration of 2 h,
maintaining a ball-to-powder weight ratio of 10:1.

Following the completion of the ball milling step, the blended powders were further
processed. They were compacted under a uniaxial split-die configuration using a
universal testing machine, applying a compaction pressure of 450 MPa. The outcome of
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this compaction step was the production of green compacts, serving as the initial stage
of the composite material.

Subsequently, the green compacts underwent sintering within a muffle furnace,
executed under a controlled nitrogen environment. The sintering process was conducted
at a temperature of 450 °C, with a sintering duration of 90 min. Fig. 2 provides a visual
representation of the sintered samples.

After the completion of the sintering process, the samples were allowed to cool in
the furnace to reach room temperature. Once cooled, thermal conductivity test samples
were precisely cut from the sintered compacts using wire-cut electrical discharge
machining (EDM). This systematic methodology was rigorously applied to ensure the
consistent and precise production of Mg/Ti composites for subsequent analysis and
testing.

In light of the paramount importance of high thermal conductivity in materials
employed for applications such as braking systems, electronic devices, and automotive
components, comprehensive thermal conductivity assessments were conducted on all
five distinct sample types. These tests were executed at the Mechanical Engineering
Department of the esteemed Indian Institute of Technology, Kanpur.

The thermal conductivity tests were meticulously conducted using a Thermal
Constants Analyzer, specifically the TPS 500 model, incorporating a hot disc apparatus.
This analytical approach operates on the fundamental principle of the Transient Plane
Method.

With a focus on precision and reliability, these tests were instrumental in
quantifying the thermal conductive properties of the composite materials. This
information is vital for understanding how effectively these composites can dissipate
heat, which holds critical implications for their suitability in applications like braking
systems and electronic gadgets.

The results and in-depth discussions stemming from the thermal conductivity
testing are elaborated upon in the subsequent section. These findings provide valuable
insights into the thermal behavior of the Mg/Ti composites, shedding light on their
potential for enhancing heat dissipation rates in applications demanding efficient
thermal management.

To identify the various phases, present within both the crystalline powders and the
prepared composites, X-ray diffraction (XRD) examinations were conducted. These
analyses were performed utilizing a high-precision X-ray diffractometer, specifically the
Rigaku MiniFlex 600, which is available at the Applied Sciences Department of the Indian
Institute of Information Technology, Allahabad, India.

The XRD measurements were carried out under controlled conditions to ensure
accuracy. The scan speed was set at 0.2 sec per step, with a step size of 0.01°, and the
scan range encompassed an angular range from 10 to 80°. An operating voltage of 40 kV
was employed to facilitate the analysis.

This XRD analysis is fundamental in characterizing the structural composition of the
materials under investigation, enabling the identification of distinct phases and
crystalline structures present in both the raw powders and the composite materials. The
results derived from this examination serve as a critical foundation for understanding the
material's properties and its potential performance in various applications.
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The XRD patterns of all five sintered samples are vividly depicted in Fig. 3, offering a
detailed examination of the structural composition of the Mg/Ti composites and revealing
crucial phase transitions.
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Fig. 3. The matched XRD patterns of sintered Mg alloy and Mg/Ti composites

An intriguing observation is the consistent reduction in the intensity of the highest
peak as the titanium (Ti) content increases. This decrease in intensity is attributed to the
concurrent emergence of secondary phases within the composites, indicative of complex
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structural transformations.

Remarkably, the presence of magnesium oxide (MgO) was common across all
samples (composites and unreinforced magnesium samples). This observation indicates
that an oxidation process occurred during the sintering phase, impacting the material's
structural composition.

Notably, the XRD pattern of the Mg/8%Ti composite exhibits distinct characteristics,
setting it apart from the other composite samples. It portrays a unique structural
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arrangement, possibly due to reaction of Mg with Ti in the presence of oxygen. Reaction
initiated after 6 vol. % of Ti and its effect was notable in case of 8 vol. % Ti sample.

The presence of free titanium (Ti) in all Mg/Ti composites, except Mg/8%Ti, signifies
that Ti remained unreacted with the magnesium matrix. This unreacted Ti is evident
through the distinctive XRD patterns. In case of Mg/8%Ti, Mg reacted with titanium and
oxygen to form complex. Kumar et al. [29] have studied the effect of Ti volume fraction
on the physical and mechanical properties of Mg/Ti composites. Ti and other phases are
shown in optical micrographs.

Moreover, the MgTiO, phase was identified, which was confirmed during the X'Pert
HighScore peak matching exercise. This finding signifies a chemical reaction between Ti
and Mg, resulting in the formation of the MgTiO. phase. This reaction led to the
dissolution of the high-intensity magnesium peak and the emergence of novel phases.

Furthermore, as the Ti volume fraction exceeded 6 %, the intensity of the AlMg
phase, located within the 26 range of 63-65°, significantly increased. This increase was
coupled with the dissolution of other high-intensity peaks within the 30 to 45° range.
Additionally, peak shifting was observed, reflecting heightened lattice strain as the Ti
volume fraction increased.
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The thermal conductivity data, as depicted in Fig. 4, provides valuable insights into
the influence of varying titanium (Ti) content on the thermal behavior of the Mg/Ti
composites. Notable trends in the results can be elucidated to better understand the
observed variations.

The initial phase of the thermal conductivity evaluation reveals a consistent
reduction as the volume fraction of titanium within the composite increases. This
decrease in thermal conductivity is particularly pronounced up to 6 vol. % Ti. The
underlying mechanism behind this decline can be attributed to the distinct thermal
conductivities of the constituent materials. Magnesium exhibits a relatively high thermal
conductivity, approximately 72 W/m-K, while titanium, in contrast, has a substantially
lower thermal conductivity of around 17 W/m-K [23]. Consequently, the introduction of
titanium, especially in minor quantities, serves as a diluent within the composite,
effectively lowering the overall thermal conductivity. This behavior stems from the
dominant influence of the lower thermal conductivity of titanium.

However, an intriguing departure from this initial trend is observed when the Mg/Ti
composite is reinforced with 8 vol. % Ti. Here, the thermal conductivity of the composite
surpasses that of the Mg/Ti composite reinforced with 6 vol. % Ti. This unanticipated
upturn in thermal conductivity can be attributed to complex changes occurring within the
composite [17]. The X-ray diffraction (XRD) patterns provide crucial insights, indicating
the dissolution of primary phases in magnesium and the emergence of new phases. These
structural transformations likely contribute to the altered thermal properties, resulting in
an increase in thermal conductivity. The formation of these new phases may possess
thermal conductivities that differ from the original constituents, thereby influencing the
composite's overall thermal behavior.

The presented data in Fig. 5 illustrates the variation in specific heat capacity with
increasing titanium (Ti) volume fraction within the Mg/Ti composites. The results reveal
certain noteworthy aspects that require elucidation.

One apparent observation is the significant variability in the specific heat capacity
values as the Ti volume fraction increases. This substantial variation can be primarily
attributed to the presence of uneven porosity within the samples (Kumar et al. [29] have
studied the effect of Ti volume fraction on the density and porosity of Mg/Ti composites).
The uneven distribution of porosity can significantly affect the heat capacity
measurements, leading to inconsistent results.

From a theoretical perspective, it is anticipated that the specific heat capacity
should exhibit an increasing trend with a rise in Ti volume fraction. This expectation is
grounded in the fundamental properties of the constituent materials. Titanium (Ti) is
known to possess a higher heat capacity (approximately 2.34 MJ/m*K) compared to that
of magnesium (about 1.9 MJ/m3K) [21]. Therefore, as the volume fraction of Ti increases,
it should theoretically contribute to a higher heat capacity in the composite material.

However, the observed fluctuations in specific heat capacity suggest that factors
such as uneven porosity, sample heterogeneity, or other structural complexities might be
influencing the results. Further investigations and potentially refined sample preparation
techniques may be necessary to provide more consistent and reliable specific heat
capacity data within the Mg/Ti composites.
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The examination of thermal diffusivity, as delineated in Fig. 6, provides crucial
insights into the material's ability to conduct and store heat as the titanium (Ti) volume
fraction within the Mg/Ti composites increases. This variation can be better
comprehended by considering the influence of thermal conductivity and specific heat
capacity, which were discussed earlier.

It is essential to remember that thermal diffusivity encapsulates the rate at which
heat can propagate through a material, contingent upon the interplay of thermal
conductivity, density, and specific heat capacity. Generally, a higher thermal conductivity
facilitates more efficient heat transfer, while greater specific heat capacity indicates the
material's capacity to retain thermal energy.

The conspicuous, abrupt variation in thermal diffusivity as Ti content increases can
be delineated through the prism of thermal conductivity and specific heat capacity. With
the augmentation of Ti content, specifically from pure Mg to Mg + 2% Ti, a substantial
reduction in thermal diffusivity is evident. This initial decrease can be attributed to the
lower thermal conductivity of titanium, as discussed earlier. The inclusion of Ti acts as a
diluent in the composite, impeding the efficient transmission of heat.

Progressing from Mg + 2% Ti to Mg + 4% Ti, there is a noteworthy upturn in thermal
diffusivity. This transition likely stems from complex factors, such as evolving
microstructure and alterations in thermal properties induced by the introduction of Ti. As
a result, heat is able to propagate more effectively within the composite, resulting in
higher thermal diffusivity.

From Mg + 4% Ti to Mg + 8% Ti, the thermal diffusivity displays a relatively stable
pattern. This constancy indicates that the material's composition and structural
characteristics stabilize as the Ti content reaches higher percentages. In this range, the
materials exhibit consistent heat propagation characteristics.

Conclusions

In this study, Mg/Ti composites were successfully fabricated and analyzed to investigate
the effect of Ti reinforcement on thermal behavior. Key findings and implications include:
1. Insights gained from the fabrication and investigation of Mg/Ti composites provide
valuable understanding of their thermal behavior.

2. A consistent reduction in thermal conductivity was observed with increasing Ti content
up to 6%, attributed to the lower thermal conductivity of titanium compared to
magnesium.

3. The Mg/8%Ti composite exhibited enhanced thermal conductivity due to the
dissolution of primary phases and formation of new phases, as confirmed by XRD patterns.
4. The observed trade-off between improved thermal properties and compromised
mechanical characteristics emphasizes the importance of balancing material
composition.

5. These findings highlight the potential for tailoring the heat transfer properties of Mg/Ti
composites to meet specific engineering requirements.

6. This research contributes to advancing the understanding and application of Mg/Ti
composites in various engineering and technological contexts.
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ABSTRACT

Stir casting was used to produce Al7075/n-TiB, composites with three distinct n-TiB, weight percentages:
1,1.5,2 and 2.5 %. The mechanical and tribological characteristics of AlL7075/n-TiB, composites have been
investigated in dry sliding situations. Evenly distributed dispersion of n-TiB, particulates and the strong
interfacial interaction among the matrix as well as reinforcement are confirmed by the microstructural
characterization. Composites with 1, 1.5, 2 and 2.5 % reinforced n-TiB, show the better mechanical
properties when compared to base alloy. Fracture research revealed that n-TiB; reinforced aluminum matrix
composites and non-reinforced aluminum alloy exhibited ductile expression in the form of dimples. Dry
sliding wear assessments have been performed using pin-on-disc instruments. We measured the wear loss
of the nano composites and found that the cumulative wear loss variation with n-TiB; is linear for each
composite. According to the SEM examination of worn-out surfaces, oxidative wear is responsible for
specimens that fall within the prescribed stress and sliding distance. The experiment demonstrates that
wear loss decreases linearly with an increase in the weight percentage of titanium diboride nanoparticles.
The obtained results show that the fabricated nano composites exhibit improved hardness of 14 %, tensile

strength of 9 % and wear resistance of 20 % when compared to the base alloy.
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Introduction

Aluminum alloys are becoming more and more popular for structural applications,
especially in the automotive and aerospace industries, due to their high specific power,
low density, high conductivity, and high strength to weight ratio, all of which have a
positive economic impact [1]. Metal matrix composites with an aluminum basis are
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commonly utilized due to their high modulus, strength-to-weight ratio, stiffness,
corrosion resistance, and wear resistance. These composites have superior mechanical
characteristics than conventional metals and alloys [2]. Frequently utilized ceramics for
reinforcement include of SiC, TiC, Al,Os, and B4C. These can be utilized as long fibers, tiny
whiskers, irregular or irregular, or as particles [3]. Liquid composites are used to create
aluminum metal matrix composites (AMMCs). Due to its unique features, TiB, stands out
when compared to ordinary ceramic reinforcements due to its higher thermodynamic
stability, higher hardness, and low density. Due to its many advantages over the ex-situ
process, researchers have been concentrating on the development of aluminum-TiB; in
situ composites with metal matrix in recent years. Better in-situ production of Al alloys is
made possible by the exothermic reaction and increased wettability of TiB, with
aluminum, which results in a better interface bonding and less variation in the
thermophysical features of the two during heating. Ceramics with poor wettability have
higher porosity, bad mechanical characteristics, and uneven dispersion [4]. Researcher [5]
studied Cu-Sn alloy with 7.5 wt. % of SizN4 particles reinforced composites fabricated by
using conventional stir casting method. It is stated that Cu-Sn alloy with 7.5 wt. % of
silicon nitride particles reinforced composites showed lesser densities as compared to the
base Cu-Sn alloy. The wear resistance of Cu-Sn alloy increased with the incorporation of
SizsNg4 particles. Several investigations into the mechanical properties and strengthening
techniques of TiB,/A356 composites have been conducted; the results indicate significant
improvements in tensile strength [6]. Al7475 alloy was used to make composites with 2,
4,6, 8 and 10 wt. % of B4C particles. By incorporating particles into the matrix, the density
of Al alloy composites was lowered. Al7475 alloy with B4C composites exhibited superior
tensile properties at room and elevated temperatures as compared to the base alloy [7].
Researcher [8] studied effect of nanosized Al;Os and Al,Os-SiC on mechanical, wears and
fracture surface of AL7075 composites for soil anchoring applications. It was concluded
that, in contrast to Al7075 alloy, hybrid MMCs enhanced tensile strength and superior
hardness. The obtained results indicate that highest hardness of 78 VHN and tensile
strength of 126 MPa were achieved for developed hybrid composites. According to
Zulkamal et al. [9], the semi-solid A356 alloy's wear resistance was enhanced, and its
microstructure was rectified with the inclusion of TiB, particles. Low cycle fatigue studies
on in-situ TiB,/A356 composites were carried out by Deepak et al. [10], who discovered
that TiB, particles significantly affected the composites’ hardness, tensile strength,
structure, and fatigue life. The microstructure, type of reinforcement, percentage of
interfacial bonding, average load, sliding distance, and sliding-speed are the main factors
influencing the mechanical and tribological characteristics of composites. Among all
these characteristics, particle size has a favorable impact on the composites' performance.
According to literature survey, a large number of researchers have studied various grades
of aluminum, but comparatively few have studied the impact of n-TiB; wt. % on Al7075
alloy. The novelty of the research is to investigate the mechanical and wear properties of
newly developed n-TiB, reinforced Al7075 composites and analyze the surface
morphology. Overall, the results showed that Al composites reinforced with nanosized
TiB; particles could be good materials where wear-resistant and high-strength
components are crucial, especially in the civil-structures, aerospace, and automotive
engineering industries.
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Materials and Methods

Stir casting produced a homogeneous distribution, which improved the characteristics of
aluminum composites. Therefore, the stir casting method was used for the current study's
hybrid MMC manufacturing. Bright extruded rods of Al7075 and n-TiB; particles were
employed to make these composites. Table 1 displays the weight percentage of Al7075's
chemical makeup.

Table 1. Chemical composition of AL7075 alloy (wt. %)

Content | Al Cu Mg Si Fe Mn Ni Pb Sn Ti Zn Cr

wt% | Rem | 1.480 | 2.306 | 0.059 | 0.256 | 0.052 | 0.052 | 0.023 | 0.012 | 0.052 | 5.424 | 0.280

The AL7075 (base alloy) was first melted by using graphite crucible at 750 °C[11,12].
Subsequently, the molten melt was mixed with 30-50 nm sized n-TiB; (1, 1.5, 2, and 2.5 %)
particulates that had been preheated to 450 °C. During the stirring operation, the pre-
heated reinforcement particles were mixed with the base alloy. Inert gases were extracted
from the molten aluminum metal matrix using a degassing tablet. Melting the slurry
required 60 sec of stirring at 150 rpm, and then it was put into a pre-heated mold. The as-
cast samples were taken out of the mold once they had set. As-cast and nano-composites
were both machined to prepare the test samples using CNC machining. The relevant ASTM
standards were followed in the preparation of test specimens for wear and mechanical
testing. Hybrid MMC samples were polished using diamond paste and different-sized grit
sheets to produce a clean surface finish in preparation for microstructural analysis. After
using Keller's reagent to etch these specimens, they were left to dry in the open. The
produced hybrid MMCs were examined for microstructure using Nikon E-200 optical
microscope. The developed hybrid MMCs were exposed to microhardness testing using a
Vickers Micro Hardness testing apparatus in compliance with E92-ASTM guidelines.
Specimens with diameters and thicknesses of 20 mm each were used to evaluate the
hardness. For thirty seconds, a constant 5 kg load was applied by using diamond shape
indenter. Tensile testing was carried out utilizing a 450 KN weight on a Universal Testing
Machine (UTM) in compliance with ASTM E8 requirements (gauge length is 50 mm and
gauge dia is 10 mm). Tensile strength values varied by less than 10 %, according to the
results, which were based on average values of three test samples with similar
compositions. The pin-on-disc test apparatus was used in accordance with ASTM G99
guidelines to measure wear loss (30 mm length and 6 mm dia). The mean values, with
variances of less than 10 %, were considered after three wear test specimens with
comparable compositions were analyzed.

The prepared composites' densities were determined by applying the Archimedes
principles, and theoretical densities were calculated by applying the rule of mixture in
accordance with the percentage of reinforcement weight, as indicated in this equation [13]:
pc = pmVm + oV, (1)
where p. is the composite density, pm is the matrix density, p; is the reinforcement density,
Vi is volume fraction of mass, V; is the volume fraction of reinforcement.

One of the crucial physical characteristics that will significantly affect the composite's
mechanical and tribological qualities is porosity. The primary factors influencing the
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porosity for the composites are mechanical alloying, sintering temperature, and
compaction pressure. The porosity percentages of the resulting composites were computed
using [14]:
Porosity =

Theoretical density - Experimental densii
s Y. 100. 2)

Theoretical density
Figure 1 shows the framework of the present research investigation.

Coke Furnace
Cast Parts

!
\

Findings and Discussion

Test Samples Test Samples Preparation

Fig. 1. Framework of the present research investigation

Findings and Discussion
Micro-structural Investigation

A matrix material's reinforcing particle distribution is examined via microstructural
analysis. The mechanical and wear characteristics of Al7075/n-TiB, nanocomposite are
analyzed by microstructural characteristics. The optical microstructure pictures of base
alloy and developed nanocomposites are displayed in Fig. 2.

The micro structural pictures of all the samples show an equal distribution of small-
pored n-TiB, particles. Since liquid metallurgy method was used to produce the
specimens, porosity cannot be totally removed. It is also evident from microstructural
pictures that cluster formation increases as % of n-TiB, increases from 1 to 2.5. The
existence of more n-TiB, clusters is one of the primary reasons for the improved
mechanical and wear features. The uniform dispersion of n-TiB, nanoparticles in the base
matrix strengthens the interfacial-bond between the reinforcement element and the base
matrix, which explains the improved mechanical and wear properties of the 2.5 wt. %
n-TiB, composite. The number of n-TiB, particles increases with the nucleation sites
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because it provides additional barriers to the fractures in the grains that cause the change
of the grain structure [15,16].

Fig. 2. Microstructure of (a) Base alloy, (b) 1.5 % n-TiB, composites, (c) 2 % n-TiB, composites
and (d) 2.5 % n-TiB, composites

Energy dispersive X-ray spectroscopy study

Energy dispersive X-ray spectroscopy (EDS) analysis was performed on the fabricated
nano MMCs samples in order to assess the chemical compositions of the Al7075/n-TiB,
composite. The results are shown in Fig. 3. The analysis unequivocally demonstrates that
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Fig. 3. EDS analysis of Al7075+2.5 % n-TiB;
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AL Mn, Cu, Co, Ti, and other elements occur over a range of peaks. The result displays the
EDS study's "Ti" peak. It provides proof that developed nano MMCs contain TiB; particles [17].

Density and porosity

The Archimedes method for determining density uses the fact that the apparent weight
of an object submersed in liquid is lighter that the object’s weight in air by the weight of
the volume of liquid that the object displaces. Figure 4 illustrates the variation in the
porosity and the density of Al7075/n-TiB, composites.

0.80
2.84 4 - S1: Base Alloy S2: AlI7075+1 % n-TiB, S3: A17075+1.5 % n-'l‘iB2
N S4: AI7075+2 % n-TiB, S5: A17075+2.5 % n-1 iB, L 0.78
2.80
~0.76
O’)A 3}
g 0.74 g
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g L0.72 38
(=]
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Composition

Fig. 4. Effect of n-TiB, on Density and porosity

Theoretical and experimental density values for Al7075/n-TiB, composites show a
nearly similar trend and are nearly in agreement with one another. Density levels rise with
the reinforcement addition. This increment of density values may be the cause of the high
n-TiB, (hard) particle density [18]. The lower porosity of all the composites shows that
reinforcement and matrix material have a strong interfacial bond. High compacting
pressure and the temperature of sintering are the two primary factors that can impact the
porosity within a composite [19,20].

Hardness

Figure 5 displays the hardness of the AL7075/n-TiB, composites. It is found that the
2.5 wt. % n-TiB, composite has far higher hardness values than the other composites. The
produced composites' increased hardness could be credited to many factors [21]. First off,
the n-TiB, particulates have a higher hardness than matrix alloy, and this hardness is
enhanced by the reinforcements’ homogeneous distribution throughout the matrix.
Second, adding robust hard particles refines the grains of the aluminum alloy, which
raises the dislocation density at the matrix-reinforcement interfaces and raises the
produced composites' hardness values. Ultimately, the mass of the produced composites
increases with increasing in reinforcement content, and this densification improves the



Study on n-TiB; particulates reinforced Al7075 nano composite for soil nail applications: mechanical, wear, and fracture characterizations 107

composites’ hardness [22]. When the n-TiB, wt. % rose from O to 2.5, the hardness values
improved from 70 to 84 VHN.

84 78
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Fig. 5. Effect of n-TiB, on hardness Fig. 6. Effect of n-TiB, on toughness
Toughness

The sample's energy absorption during an abrupt load was determined by an impact test
procedure that adhered to the ASTM D256 standard. In this test, the amount of energy in
a material upon break can be determined using the strength value. The impact strength
of the composites is determined using the Charpy impact test. The strength variation of
toughness for Al7075/n-TiB, composites with varying reinforcements is displayed in
Figure 6. The n-TiB, composite with 2.5 wt. % showed higher impact strength than the
others. The uniform dispersion of n-TiB, particulates in the matrix and strong interfacial
bonding are the reasons for the high ductility. The main cause of the lower impact
strength reported by most composites is the existence of pores and microcracks.

Tensile strength

Figure 7 shows that as the weight percentage of n-TiB, content increased, the hybrid
composites’ tensile strength increased as well. The reported outcomes are consistent with
what has been seen in the majority of hard particle reinforced micro MMCs [23]. Other
studies [24,25] detailed the strengthening mechanisms and connected them to the
enhanced load-sustaining capability of the resulting composite, which was attained by
increasing the wt. % of hard nano particulates and enhancing the resistance to the
dislocation or movement of the particles.

Strength increased as a result of the generated nano MMC(s' resistivity to
dislocations, and the tension strength was increased even more by including additional
n-TiB, particles into the MMCs. The hard particle's characteristics made the material
stronger. The ultimate strength was increased by hard nanoparticles rather than
dislocations. Several additional researchers reported similar findings [26]. A higher
concentration of n-TiB; resulted in an improvement in the ultimate tensile strength,
which is commonly ascribed to a decreased degree of porosity along with a more even
distribution of reinforcement of hard particles. This fact is supported by the results
obtained from most hard particles reinforced nano composites. The micro MMCs solidified
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more quickly as a result of the matrix's level of reinforcement. This is usually caused by
the complexity that results from the inclusion of strong nanoparticles, which obstructs
dislocation motions across the base matrix [27].

S1: Base Alloy S2: A17075+1 % n-TiB, S3: AlI7075+1.5 % n-TiB,

S4: A17075+42 % n-TiB, S5: Al7075+2.5 % n-TiB,

132 -

130 - /

Tensile Strength (Mpa)

118 T T T T T
S1 S2 S3 S4 S5

Composition

Fig. 7. Effect of n-TiB; on tensile strength

Figure 8 shows the stress-strain curves for the alloy and nanocomposites. These
curves' primary characteristics are that as particle content rises, tensile strength increases
as fracture strain decreases. When compared to the nanocomposites, the base alloy is
shown to have the largest plastic strain and to show the least resistance of plastic
deformation due to its relatively lower flow stress. It is noted that, in comparison to the
base alloy, all of the nanocomposites exhibit greater strength. This is because the
nanoparticles have been strengthened and the grains have been refined. The mismatch
strengthening and elevated load bearing brought on by the nano-sized particles are
typically responsible for the increase in strength in nano-MMCs. It is deduced that this
might be because of variations in the CTE between the reinforcements and the matrix.
The dislocation’'s mobility within the matrix is impeded by the hard nanoparticles, which
is why the durability of the nano-MMUCs is found to be greater compared to base matrix.
During tensile tests, the hard ceramic nanoparticles' ability to trap dislocations resulted
in an increase in the nanocomposites' tensile strength [28,29].
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Fig. 8. Effect of n-TiB, nanoparticles concentration on stress-strain curves
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When tension load was applied, higher weight percentage of reinforcements caused
significant debonding at the matrix-reinforcement material contact point, which reduced
ductility. Tensile fractured surface of the as-cast and 2.5 % n-TiB, reinforced MMC specimen
are depicted in Fig. 9. The development of small pores on shattered material surfaces was
the reason for the extreme ductility observed in MMC manufacture. In comparison to
nanocomposites, as-cast elements with fractured surfaces showed more dimple shapes,
suggesting superior ductile strength. The addition of n-TiB, particles caused the failure
type to change from ductile to brittle, according to fractography investigations. This
displacement is indicated by the dimples on the surface fractured specimen and the
deformed area. More hard reinforcements resulted in more microcracks, indicating that the
material was less ductile. The architecture of fractured surfaces frequently exhibited a
higher density of voids and cracks. Because of their presence in the soft matrix, the robust
particles created a triaxial stress state that ultimately led to void formation. This implies
that there is a strong relation between the reinforcement being used and the matrix
material, and that the size and shape of the reinforcements have an impact on bonding.
Linear relationship observed between the dimple diameters and the composite's strength.
Tensile sample fracture surfaces revealed details about the composition of nanoparticles
at the interface. Hard nanoparticle pullout and fracture were two of the fracture processes
that decreased ductility. The outward propagation of cracks from their centers was
enhanced by voids at the particle and matrix interfaces [30,31].
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Fig. 9. Fracture surface of (a) base alloy and (b) 2.5 % n-TiB, composites

Wear loss

In the present investigation, all the wear test samples were tested with a constant load
of 10 N, sliding speed of 500 rpm and sliding distance of 1000 m have been considered.
Figure 10 shows the wear rates for both the Al matrix alloy and the Al/n-TiB, MMCs. The
amount of n-TiB, that exists in reinforced composites has been found to increase the
transition load. It was also observed that the composite had a lower wear rate than the
base metal. The wear resistance that the composite samples given by releasing n-TiB;
into the surface that contacts them during sliding is most likely the cause of this.
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Alpas and Zhang [32] examined the sliding wear characteristics of Al-Si alloys reinforced
with TiB, particles. It was concluded that TiB, reinforcement greatly improves wear
resistance based on their studies.

0.15
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Fig. 10. Effect of n-TiB, on wear loss
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Fig. 11. SEM micrographs of worn surfaces of (a) base alloy and (b) 2.5 % n-TiB, composites

A thin film forms between the surfaces that meet when sliding wear causes n-TiB;
particles to shear and stick to the metal surface with the principal axis parallel to the
sliding direction. Moreover, the n-TiB, hard film can bear stress within low load
circumstances without breaking or turning plastic due to its incredibly limited ductility.
Research has repeatedly demonstrated that wear rate as well as surface damage may be
decreased if material used at the counter contact is prevented from plastically deforming.
The n-TiB, strong film in composites efficiently reduces the wear rates while sustaining
high loads [33]. Therefore, the pace at which the sheared reinforcing layers stick to the
sliding surfaces determines how well the n-TiB; particulates in the composite materials
can slow down wear. The test samples’ sliding wear tracks were inspected using scanning
electron microscopy (SEM). SEM analyses of the wornout surfaces provided evidence
about how hard particles affected the produced composites' wear characteristics.
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Wornout surface of the as-cast and 2.5 % n-TiB; reinforced MMC sample are depicted in
Fig. 11, where they display worn surfaces as depicted in SEM images.

These pictures show different-sized grooves on the wornout surfaces, most likely
caused by worn debris particles acting as secondary abrasive bodies. Hard particulates
within the alloy prevented plastic deformation, resulting in the forming of these grooves
and small patches on the worn surfaces [34]. The n-TiB; particles significantly increased
wear resistance by facilitating the development of a protecting effect on the surface
under the applied load. The beneficial effects of n-TiB, particulates on the wear
characteristics of MMCs have been shown by this investigation. The n-TiB; particles that
were put into the counterface and test samples caused micro-ploughing on the MMCs'
contact surfaces. SEM pictures of the fabricated nano composites in Fig. 11(b) reveal
substantially less debris and more consistent sliding wear tracks. When compared to as-
cast alloys, nano composites exhibit greater wear resistance due to their increased
density and superior interfacial adhesion between the particles and base matrix. There
was less wear loss because the steel discs could not penetrate the composite materials
due to the presence of ceramic particles [35].

Conclusions

This work investigated the effects of n-TiB, weight percentage on both the tribological
and mechanical characteristics of AlL7075/TiB, composite. The following are the principal
findings.

One of the most effective methods for fabricating AL7075/n-TiB, composites is stir
casting. When producing nano composites with strong matrix-reinforcement bonding, a
uniform dispersal of the reinforcement was attained. The developed composites’ density
values increased linearly as the wt. % of n-TiB, particles increased. Addition of n-TiB,
particulates improved hardness of developed nano composites. Results show that
composites reinforced by 2.5 wt. % of n-TiB, was found to be the hardest with hardness
of 82 VHN. Tensile strength increased when the weight of n-TIB, particles increased with
132 MPA, the maximum tensile robustness was observed for 2.5 % of the nano
composites reinforced with n-TIB,. The obtained results show that the fabricated
nanocomposites exhibit improved hardness of 14 %, tensile strength of 9 % and wear
resistance of 20 % when compared to the base alloy. Fracture research exposed that
n-TiB, reinforced aluminum matrix composites and unreinforced aluminum alloy
exhibited ductile expression in the form of dimples. The equiaxed dimples and low depth
were found in the particle-reinforced aluminum matrix composite. Compared to the
Al/n-TiB; reinforced composites, the unreinforced aluminum alloy had a greater wear
rate. In the developed nano composites, the wear rate decreased as n-TiB, concentration
increased.
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ABSTRACT

The quality of a friction stir weld is significantly influenced by the choice of appropriate weld parameters, with
rotational speed being one of the key factors. This study aims to examine these elements' influence on physical
characteristics of velocity, viscosity, and torque. The performance measures being evaluated include the
assessment of maximum weld interface velocity, minimum weld interface viscosity and tool-workpiece interface
torque. This study utilises a computational fluid dynamics model to examine the influence of various rotational
speeds on the aforementioned performance indicators. The workpiece selected for this study is an Aluminium
Alloy 6061, while the tool employed is a truncated conical pin tool featuring a conical shoulder in a lap joint
configuration. The study reveals that with an increase in rotational speed from 500 to 2900RPM, maximum weld
interface velocity exhibits an increase with decreasing slope. As the rotational speed increases, the minimum
weld interface viscosity decreases with decreasing slope. It is also found that tool-workpiece interface torque
decreases with approximately constant slope with increasing rotational speed (500 to 2900RPM), meaning a
linear decreasing trend. The findings of this investigation are validated through a comparative analysis with
previously published data. With this information and the resulting conclusions, friction stir welders can deepen
their understanding of how rotational speed affects welding quality.
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Introduction

The friction stir welding (FSW) technique was initially developed in 1991 and
subsequently patented by the prestigious organization known as The Welding Institute
(TWI) [1]. The purpose of this invention was to achieve robust and durable structures by
welding materials with limited welding capabilities, specifically aluminium alloys. This
issue is of great importance to various industries, particularly the aerospace sector, as
conventional methods are inadequate for welding aluminium alloys or joining
incompatible materials like aluminium and magnesium alloys.

During FSW, a rotating tool is gradually inserted into the workpiece until the
shoulder comes into contact with the workpiece, as shown in Fig. 1. This position is
upheld until the necessary temperature is attained due to the generation of heat through
friction and plastic deformation. In order to accomplish the necessary weld, the tool is
displaced along the weld line. The term advancing side (AS) is used to describe the side
of a rotating tool that has identical direction as the tangential velocity and traverse speed
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(TRS). The retreating side (RS) refers to the side of a rotating tool that has a vectorial
sense opposite to the tangential velocity and TRS [2]. The workpiece section located
ahead of tool is known as leading side, and the section located behind tool is known as
trailing side.

Since its inception, a substantial body of research has been dedicated to
investigating the impacts of various elements in the FSW process [3-8]. Certain factors
are machine-specific, while others, such as spinning velocity and pin geometry, are
inherent to the tool [9-15]. Each of these variables influences the transfer of heat and
the movement of material, which subsequently has an effect on the microstructure and
quality of the weld [16,17]. This study aims to assess the impact of rotational speed (ROS)
on various performance measures for aluminium alloy 6061 (AA6061) lap welds using a
truncated conical pin with conical shoulder (TCPCS) tool. The variables of interest include
maximum weld interface temperature (Max. WIT), maximum weld interface velocity (Max.
WIV), minimum weld interface viscosity (Min. WIVis), and tool-workpiece interface torque
(TWIT). This study employs the finite volume technique (FVM) of computational fluid
dynamics (CFD) as an efficient and time-effective approach [11].

Fig. 1. Schematic representation of the FSW process

Multiple researchers have conducted investigations on FSW. Nandan et al. [12-14].
utilised the three dimensional visco-plastic model for butt joints in stainless steel-55304,
AA6061, and mild steel-1018, respectively. The instrument's combined rotational and
linear movement revealed a notable imbalance in the temperature distribution
surrounding it. In [15], it was conducted a study where they developed a three-
dimensional thermo-mechanical model to examine the temperature and material flow in
the butt weld of AA6061-T6. Augmenting the ROS while reducing the welding speed
results in an intensified stirring motion, hence improving the weld's quality. To avoid
defects, the ROS should increase proportionally with the welding speed [15]. ). Zhang et
al. [11]. developed a computational fluid dynamics model in FLUENT® to analyse the
temperature distribution and material flow characteristics of an AA6061-Té lap joint
under the influence of a conical tool. The model does not consider the effect of tool tilt.
The findings suggest that the shoulder surface area is primarily responsible for the
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majority of heat generation, accounting for 88 % of the total. On the other hand, the
regions of the pin's side surface and pin's bottom surface barely account for 10.48 and
1.52 %, respectively. The occurrence of intense material movement is primarily limited to
the area near the tool, where material located on tool’s front is driven towards RS and
then gathers at tool’s back [11]. Jain, Pal, and Singh [16] created a model to forecast the
forces, spindle torque, temperature, and plastic strain that occur during the butt-welding
process of two AA2024-T4 metals. The rise in heat generation rate, as indicated by the
temperature distribution, leads to a decrease in forces and spindle torque as the ROS
increases. In addition, the conical shape of the pin resulted in a higher material velocity
compared to its cylindrical version while requiring less effort during the plunging process
Shi and Wu [17] created a transient model to accurately assess the dynamic changes in
heat-generation, temperature-distribution, and material-flow during the butt FSW
process of AA2024. They also examined how these factors are influenced by process
parameters, including TRS and tool ROS. It has been observed that the tool torque rises
when the TRS increases, providing that the ROS remains constant. An inverse relationship
was seen when the rotating speed increased, assuming that the temperature and pressure
remained constant. Hasan [18] conducted a study where he used FSW to simulate the butt
joint of AZ31 magnesium alloy. Results showed that the maximum temperature drops as
the TRS increases while the ROS remains constant. Roubaiy et al. [19] examined how
different welding parameters affect the mechanical properties of a butt joint made by
FSW using aluminium 5083-H116. As the ROS increases (assuming the TRS remains
constant), the tensile strength and joint efficiency rise while the absorbed energy drops.
Conversely, a contrasting effect on TRS was noticed, but the ROS remained
unchanged [19]. Nirmal and Jagadesh [20] conducted a study on the percentage
elongation, yield strength, and ultimate tensile strength of a dual-phase titanium alloy
using FSW on butt joints. The study revealed that when the ROS increases (assuming the
TRS remains constant), the yield stress, ultimate tensile stress, and tensile strength also
increase, while the percentage elongation drops. An inverse relationship was seen as the
TRS increased, assuming the ROS remained constant [20]. Andrade et al. [21] examined
the torque and temperature FSW of aluminium alloys belonging to series AA2xxx,
AASxxx, AA7xxx, and AA8xxx. It has been observed that when the ROS increases
(assuming the torque sensitivity remains constant), the torque drops but the peak
temperature increases. In contrast, there was a reported increase in TRS, assuming that
the rotating speed remained constant. Furthermore, it was noted that an increase in
workpiece thickness correspondingly leads to an increase in torque. An augmentation in
shoulder diameter leads to a corresponding augmentation in peak torque and
temperature [21]. H. J. Zhang et al. [22] performed FSW on AA6061 with rotation speeds
varying from 1,000 to 6,000 RPM. The study reveals that as the ROS increases (while
keeping the TRS constant), the peak temperature also increases. Yadav et al. [23]
conducted a study on the tool tilt effect for AA6061 using a tapered cylindrical pin to
analyse its impact on heat and material flow. It was discovered that the temperature
drops as the tilt angle increases [23].

The Lliterature review indicates that no previous study has examined the impact of
different ROS on velocity, viscosity, and torque for AA6061. Specifically, this study focuses
on the use of a TCPCS tool for a lap joint. The current study investigates the impact of
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different ROSs (ranging from 500 to 2900 RPM) on several performance parameters,
including maximum weld interface velocity, minimum weld interface viscosity, and tool-
workpiece interface torque. Solidworks® 2017 is utilised for the purpose of geometric
modeling, whereas the CFD programme FLUENT® is employed specifically for FVM
modeling [24]. The effect of changing ROS is evaluated by analysing these performance
indicators. The novelty of this work will be elucidated in the next section:

This study examines the impact of tilt angle and slip in lap weld. The impact of the
shoulder's side surface on heat generation is also taken into account. An analysis is
conducted on the performance metrics of the lap weld's weld surface. Prior studies have
examined the maximum temperature attained within a workpiece. The range of ROS is
dictated by the recrystallization and solidus temperatures of the workpiece formed at the
weld surface. This comprehensive study examines the impact of all significant input
elements on the geometry of FSWs and the tool used, as well as their influence on many
performance metrics.

Numerical modeling

As a result of the intricate nature of the practical arrangement, a cost and time-efficient
technique of numerical modelling is utilised [13,25]. This particular portion provides a
numerical model for friction stir lap weld of AA6061 using a TCPCS tool. It includes the
necessary assumptions, boundary-conditions, material-parameters and model validation.

Description of model

Utilising numerical modeling allows for the efficient and effortless visualisation of
temperature distribution, material movement, as well as stress and strain analysis [11]. It
offers valuable understanding into the operation of the process. The impact of different
ROS on velocity, viscosity, and torque was analysed using the commercial CFD FLUENT®
software. Figure 2 illustrates the simulation model. AA6061 plates are utilised. The
dimensions of each plate are 200 x 100 x5 mm?. When joined in a lap arrangement, the
measurements are 200 x 100 x 10 mm? [11]. The parameters for the FSW technique are
provided in Table 1. The selection of these characteristics is based on a thorough
evaluation of the pertinent literature [17,18].

Table 1. Process parameters employed

Process parameter Value
Diameter of shoulder, mm 25
Conical angle of shoulder, ° 2
Tilt angle, ° 0.25
Pin length, mm 5
Root diameter of pin, mm 8
Tip diameter of pin, mm 6
Traverse speed, m/s 0.05
Plunge depth, mm 0.375
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(All Dimensionsare in “mm”) . = =

Fig. 2. Model’s schematic sketch Fig. 3. Mesh used

The Realisable k-epsilon viscous model is employed to simulate the flow of material
in a transient state. Mesh with tetrahedron-cells is utilised, with fine mesh at the interface
between the tool and the workpiece, as depicted in Fig. 3. The present work adheres to
the following assumptions.

The process is a quasi-steady process, meaning that the rate of heat generation
remains constant. Plasticized material is classified as non-Newtonian, incompressible,
and visco-plastic. The material is presumed to exhibit the characteristics of a non-
Newtonian fluid, where its viscosity is influenced by both temperature and strain rate.
There is a condition of partial slip between the tool and the workpiece. The upper,
bottom, and side surfaces of the workpiece have a free slip condition. The outlet
boundary assumes a value of zero pressure.

Shoulder Side Surface

Shoulder Surface

Pin Bottom Surfac/

Side Heat Loss Coefficient

Fig. 4. Model’s parts and boundary conditions

Boundary conditions and material properties. In order to make precise predictions
about welding, it is crucial to employ realistic boundary conditions [18]. Figure 4 displays
the parts and boundaries imposed on the model.

The inlet boundary condition of flow is defined as follows:

U= Uyeig, V=0,w =0, (1)
where welding velocity is represented by u,,.;4, Whereas the velocity intensities in the X,
Y, and Z directions are represented by u, v, and w, respectively.
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The tool periphery velocity, which is the combined effect of the tool's angular
velocity and the welding speed, is provided below:
U; = wrsingd — U4, Vi = wrcosf, w; = 0. (2)

The value of ris such that r; < r < r3. The variables u;, v; and w; denote vectors
of velocity in the X, Y, and Z directions. The index notation "i" means a specific location
on tool's surface where the tool's combined ROS and the TRS are determined.
represents the radius of tool shoulder; r; represents the radius of pin bottom; 6 is the
angle between the horizontal direction vector from the tool axis to any point on the
cylindrical surface. In the weld direction, 6 is equal to zero.

Tool periphery velocity when tool tilt angle () and contact state variable (§) are
considered are represented [13]:

u; = (1 = 6)((wrsinb) cos & — Uyeia), (3)
v; = (1 — 6)wrcosb, 4)
w; = (1 —6)(wrsind) siné, (5)
§ = 0.9(0.31e®7/87 — 0.026). (6)
The viscosity (n) is determined using below equations [26-28]:
n= )
1
1 2\2
1 Z\n Z\n
o (flow stress) = Eln (X) + <1 + (X) > , (8)
_e)
Z(Zener Hollomon parameter) = €e\RT/, 9)
— . 2 2
€ (strain rate) = (5 si]-sij) , (10)

where T represents temperature (K), 4, 8, and n are constants that describe the material
properties, Q is an activation energy that does not depend on temperature, R is the gas
constant. These equations are implemented through the use of user defined functions
(UDF). Table 2 provides the material-constants and properties of AA6061 [29].

Table 2. Material-constants and properties for aluminium alloy 6061

Parameter Value
Material-constants:

A st 2.41x108
n 3.55

Q J-mol? 1.45x10°
B, MPa 0.045
Material density p, kg:m® 2700
Gas constant R, J-K*:mol* 8.314

The heat created during the FSW process is distributed over many regions. The tool's
contacting surface with the workpiece is partitioned into three sections: bottom shoulder
surface (SS), pin side surface (Pss), and pin bottom surface (Pss) (Fig. 4). The SS is
subdivided into two sections: shoulder with conical surface (Scs) and shoulder with flat
surface (Srs). All these sections exhibit partial sticking-sliding contact. The heat produced
by different sources is provided below:

Qtotar = 6Qsticking -(1- 6)Qsliding- (11)
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The symbol é represents the contact state variable. When the slip coefficient () is
equal to zero, heat is only generated through friction. When the value of § is equal to 1
(indicating a stick), all heat is produced only through the deformation of the plastic
material [30].

The assumed maximum yielding shear stress is:

Tp (12)

Os
==
where o, represents the material’s yield stress at its melting point temperature [31].
The &6 at Scs has been assigned a value of 0.35 [11]. The heat-flux (W/m?) at this

section is:

— 3_,.3 !

qSCS — [5(;55’[1,4-(1 Scss)g);t(ljjzz_(;)ﬂzg(rl rz)(1+tano< )] (13)

At Pss, 6 is equal to 0.5 [11]. The heat-flux (W/m?) at this section is:

_ 28psswtp(r3-r3)cosa | 2(1-8pss)uPw(ri-r3; 14
Toss = 303-rd) (3 -r3) 14

At Pss, 6 has a value of 0.35 [11]. The heat-flux (W/m?) at this section is:

_ 2wr3(8ppstp+(1-8pps) uP) 15
dpps = 3 ’ (15)

where u (0.4) is coefficient of friction [11], P is plunge pressure (Pa), w is ROS (rad/s) and o'
is cone angle of shoulder (<’ = 0 for Ss)). A plunging pressure of 12 MPa is taken here [11].
The specific-heat (C,,) equation for AA6061 is shown below [13]:

Cp, =929 — 0.627T + 1.481 x 1073T?% — 4.33 x 107873, (16)
The thermal-conductivity (k) equation for AA6061 is shown below [13]:
k = 25.22 + 0.3978T + 7.358 X 107°T% — 2.518 x 107 7T3. (17)

The boundary condition for heat exchange between the top surface of the workpiece
and the environment is convective as well as radiative heat transfer [13]. The heat
exchange between the bottom and side surfaces of the workpiece is conductive (due to
contacts of jigs and fixtures) and convective heat transfer, respectively. All these heat
exchanges are converted to convective form as shown below [13]:

d
k== h(T = Tp), (18)
kS = hy(T = Tp), (19)
a
k= = hy(T — Tp). (20)

where h;, h;, and h, are coefficients of heat dissipation at workpiece’s top, bottom and
side surface, respectively. T, is the environmental temperature (300 K).

In this study, h, = 150 W/m?K, and h; = hs= 80W/m?K. The external emissivity of
workpiece top surface is 0.09 [32].

Model validation

Validation of current model is done with the work by J. Zhang et al. [11]. They created a
3D CFD model in FLUENT® to understand the temperature-field and material-flow
behaviour of an AA6061-T6 lap joint subjected to a conical tool (neglecting tool tilt
effect). In the present study, the above work is replicated, and upon validating the current
methodology and procedure, additional fixed input parameters (tilt angle and plunge
depth) are introduced. The temperature distribution and material flow velocity data
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closely correspond to those reported data. Figure 5 compares the present and validated
studies’ temperature distributions. Thus, numerical-modeling methods are satisfactory.
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Fig. 5. Comparison of weld temperature for present study and reference study [11]: (a) temperature at
workpiece's top surface on trailing side, (b) temperature at workpiece's top surface on leading side

Results and Discussion

This part of the article presents ROS’s influence on maximum velocity, minimum viscosity
and torque as performance measures. The range of ROS is selected from 500 to 2900 RPM
range as below 500 RPM ROS, temperature at weld surface (surface joining two weld
plates in lap joint) reaches below its recrystallization temperature (0.5 melting point
temperature) for alloys, i.e., 462.5 K and above 2900 RPM ROS, temperature of workpiece
increases above its solidus temperature (855 K for AA6061).
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Effect of rotational speed

To study the effect of ROS on maximum weld interface velocity, minimum weld interface
viscosity and tool-workpiece interface torque, all other input parameters such as TRS, tilt
angle and plunge depth are kept at their average value of 0.05 m/s, 0.25° and 0.375 mm,
respectively. Table 3 summarizes considered performance measures as varying ROS is
varied from 500 to 2900 RPM.

Table 3. Effect of rotational speed on maximum weld interface velocity, minimum weld interface viscosity
and tool-workpiece interface torque as performance measures

Rotational Max. weld interface Min. weld interface Tool-workpiece interface
speed, RPM velocity, m/s viscosity, Kg/(ms) torque, Nm
500 0.1438 696164 45.6
900 0.2234 174093 40.22
1300 0.2962 75616 3541
1700 0.3615 46734 32.06
2100 0.4185 36169 29.68
2500 0.4662 29048 27.04
2900 0.5038 23901 26.04
— 0,6 -
o 0,5038
3 0,4662
= 0,5 - 0,4185
£ 0,3615
é 04 1 0,2962
z 0,3 - 0,2234
S 02 | 01438

0,1 -

O T T T T T T T
500 900 1300 1700 2100 2500 2900

Rotational Speed (RPM)

Fig. 6. Effect of tool rotational speed on maximum weld interface velocity (material flow) during FSW

Figure 6 shows the effect of ROS on maximum weld interface velocity. The value of
maximum weld interface velocity increases but with a decreasing slope on increasing
ROS from 500 to 2900 RPM. The reason for this behaviour is explained as follows. From
Egs. (3)-(5), it is known that resultant velocity is dependent on tool peripheral velocity in
the axial directions (x, y and z). This resultant velocity governs maximum velocity
performance measure. From Egs. (3)-(5), it is found that peripheral tool velocity in axial
directions is dependent on ROS (w) and contact state variable (§), provided all other
parameters (traverse speed, tilt angle, etc.) remains constant. The value of contact state
variable varies between 0 and 1. This contact state variable is further dependent on ROS,
as shown by Eq. (6). Tool peripheral velocity in the axial direction is directly proportional
to ROS, and contact state variable is exponentially directly dependent on ROS (meaning
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contact state variable is inversely dependent on maximum velocity performance measure,
Eq. (6)).

The effect of ROS on minimum weld interface viscosity is shown in Fig. 7. It indicates
that as ROS increases, minimum weld interface viscosity decreases with decreasing slope.
This is due to the fact that at low ROS and at constant traverse speed, tilt angle and
plunge depth, the heat flux generation is minimum. This results in a low strain rate and
lower temperature, which in turn results in higher viscosity at a low ROS (Egs. (7)-(10)).
As the ROS increases, the temperature and strain rate increase, resulting in lower
viscosity. The critical viscosity above which no significant plastic flow takes place is
typically around 5-10° Pa/s for AA6061 [13].
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0
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Fig. 7. Effect of tool rotational speed on maximum weld interface velocity

Figure 8 shows the effect of ROS on tool-workpiece interface torque. It indicates
that torque decreases with approximately constant slope with increasing the ROS (200 to
2000 RPM), meaning a linear decreasing trend. This is due to the fact that as viscosity
decreases with increasing ROS at constant traverse speed, torque at the tool-workpiece
interface decreases due to softening of the material.
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Fig. 8. Effect of tool rotational speed on tool-workpiece interface torque
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Conclusions

This investigation studies the effect of varying ROS on maximum weld interface velocity,
minimum weld interface viscosity and tool-workpiece interface torque as performance
measures. The following conclusions are drawn from the study:

1. with an increase in ROS from 500 to 2900 RPM, maximum weld interface velocity
increases but with a decreasing slope,;

2. with increase in ROS, minimum weld interface viscosity decreases with decreasing
slope. A significant drop in minimum viscosity occurs between 500 and 1300 RPM,;

3. tool-workpiece interface torque decreases with the approximately constant slope with
increasing ROS (500 to 2900RPM), meaning a linear decreasing trend.
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ABSTRACT

The types of classification for fullerenes’ property are considered. It accumulates empirically found the horizontal
and vertical symmetry of fullerenes which give a preliminary classification. Two different symmetries are united
into a common symmetry producing the periodic system of fullerenes. This system may be considered as the
topological lattice in the topological space of the points corresponding to the fullerenes. The system gives the
general classification of fullerenes on the basis of symmetry.
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Classification, Appearance and Development
Property

The term classification (Lat classis - class + facere - do, execute) is defined as the act or
process of arranging people or things (such as plants, animals, books in libraries, etc.) into
groups in the dependence on their common features [1-3]. Historically the term is
originated from the sixth Roman tsar Servius Tullius, (578-534 B.C.) who divided the
Roman people into six classes according with their property, the sixth class having
nothing [4].

Libraries

The classification of books has appeared simultaneously with libraries. The world’s first
genuine library was arranged by the Assyrian tsar Ashshurbanipal (668 - 626 B.C.) who
has carried on many campaigns [5-8]. After the victories, he driven a chariot harnessed
by four captive tsars in his capital Ninevia (the north of the modern Iraq). Contrary to his
ancestors, he was rather well educated; he wielded three languages, including dead
language Sumerian, liked reading and history, and even wrote poetry. In his big palace
there were special rooms for the library. The manuscripts were on astronomy, geography,
history, literature, law, trades and myths. The huge library contained more than
30 thousand of clay plates, each plate being 40 cm in the high. They contained 400 lines
of cuneiform (Lat cuneus — wedge) signs on both sides. In the end of text there were
given the elements of bibliographical description: heading, plate’s number, the first words
of the next plate, and the name of owner or copyist. The plates were kept in boxes. It’s
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interesting to note that the word library originated from the Latin word librarium what
means a box for manuscripts or books.

Education

The book and knowledge classification was developing in parallel with education. The
Roman system of education included seven fields of knowledge, so called seven crafts or
“the seven liberal arts”. Pupils studied trivium (1-st cycle: grammatics, dialectics, rhetoric)
and quadrivium (2-d cycle: arithmetic, music, geometry, astronomy). The Latin both words
mean crossing of three or four roads [4]. That standard education program was conserved
in the middle-age schools of Europe, except of the principal addition - theology [9]. In
due time, the schools had developed or were united into Universities [10]. However, the
classified education has been carefully conserved [11].

In 1340 the professors of juridical faculty (Sorbonne) have adopted a resolution that
any student should begin his education having a comprehensive knowledge of seven
liberal arts. “We believe that if there is no base, it’s no allowed to make a superstructure
and that not by a breach of the sequence of degrees, but the rise to higher posts and
sciences must be done gradually and timely. Since grammatics, logic, physics and other
primary sciences are the way and base to other, more higher knowledge, we establish and
prescribe that nobody is allowed to pretend to the degree of bachelor of cannon law at
the juridical faculty in Paris, if he is not enough strong in primary knowledge”.

To the end of the fifteen century the books were classified in accordance with the
existing four faculties of the Universities, theological, philosophical, juridical and
medical.

Real philosophy

The development of technique and natural sciences in West Europe in XVI-XVII centuries
had led to the conclusion that the previous classification of knowledge is too narrow [12].
Some philosophers and writers, especially Michel Eyquem de Montaigne (1533-1592) and
Francis Bacon (1561-1626), contradicted to speculative philosophy the knowledge based
on experience which is connected with human nature [13-17]. In the beginning of the
seventeenth century Sir Francis Bacon (1561-1626) had suggested classifying knowledge
with respect to the ability of human spirit [15-17]. According to Bacon, memory
originates history, imagination produces poetry and mind creates philosophy.

It should be mentioned that both philosophers were well educated; they knew
foreign and ancient classical languages. Michel Montaigne studied law, at one time was
a member of Bordeaux’s parliament and later was elected the mayor of that city; he
maintained friendly relations with Henri Bourbon, the future King Henri IV (1589-1610).
Montaigne lived in the stormy period of Huguenot Wars (1562-1598). “In 1571 being 38
years old, tired by public duties, | decided to spend the rest of life devoting it to the
Muses”. In 1580, he traveled one year across Europe visiting Germany, Switzerland and
Italy; in 1588 he was put for a short time into the Bastille. Montaige had exerted great
influence on the intellectuals in many countries; in Russia he was highly appreciated by
Pushkin, Herzen, Tolstoy and Gorky [14].
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Francis Bacon succeeded to “practically philosophical outlook on things created by
Montaigne” [14]. He studied at the Trinity College (Cambridge), then was incorporated in
the English embassy in Paris, and due to his diplomatic work visited Germany, Spain,
Poland, Denmark and Sweden [15]. Returning to England, Bacon had entered the Juridical
Corporation where he studied jurisprudence and philosophy. As a jurist he took part in
many trials concerning financial cases of the state. He was noticed and the new King
Jacob | (1603-1625) at first knighted him and then he successively became Lord Keeper
of the Great Seal, Lord Chancellor and Peer of England. In 1621, Bacon was accused of
bribery; he had pleaded guilty, and although the penalty, heavy fine and Tower, was
softened, his career had finished. Five years later he had died. According to his will, large
sums were given to Oxford and Cambridge Universities for establishing the chairs of real
philosophy.

It is interesting to note that Bacon is known especially because of the suggestion
that he may have written some or all of Shakespeare’s plays [3]. Francis Bacon (1561 -
1626) and William Shakespeare (1564-1616) leaved in one and the same time.

Branches of knowledge

The first complete classification of sciences on the base of the sequence of human
cognition was created by André Marie Ampere (1775-183%6) [18-20]. “In 1829 | prepared
the course in general and experimental physics at French college. Two questions were
appeared [20]:

1. General physics, what does it mean? What is the exact feature that differ it from other
sciences?

2. What are the different fields of physics which can be considered as separate sciences
or the parts of a more common science? *

To answer these questions, André Marie Ampere had distinguished the four stages
of the knowledge corresponding to the evolution of science development: direct
observation (auto-optical point of view), studying what is hidden in an object (cryptoristic
point of view, from kpuTitog - secret + opwlw - determine), studying the changing of an
object (troponomic point of view, from tpoTin - turn + vopog - custom, law) ,discovering
the reasons and consequences (cryptologic point of view).

“Such is the natural sequence of human cognition”. The four standpoints can be
united in two main ones. The first and second produce an elementary theory of an object;
the third and fourth form a highest theory where the subjects are studied taking into
account correlation and mutual connection.

Taking this principle as a base, Ampere had assumed that general physics can be
divided into four groups: experimental physics (the first stage, auto-optical standpoint),
chemistry (the second stage, cryptoristic standpoint), mathematical physics (the third
stage, troponomic standpoint) and atomology (the forth stage, cryptologic standpoint).

On this concept, Ampere at first had considered physics and then other sciences. As
a result, in 1832 he had created “The natural classification of sciences”. Ampére
distinguished the orders of sciences. The science of the first order unites all the
knowledge referring to one object. It can be divided into two sciences of the second order
which correspond to the main points of view, elementary and high. In their turn, each of
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these sciences can be divided into two sciences of the third order referring to one of the
four stages of human cognition. “Just a man has received some number of notions about
any object; he tries to arrange them in a definite order for using them better. Such is the
origin of classifications”.

The existing sciences contained only a part of all the possible 128 sciences of the
third order classified by Ampere, and he had predicted new sciences, giving them mostly
Greek names. Thus he foresaw the appearance of medical physics but he is known
especially because of predicting the science of the third order - cybernetics (from
kuBepvntkn scilicet texvn). The ancient Greeks used that word as sea-craft, but Ampere
accepted meaning of the word as management generally. It was done a hundred years
before the appearance of cybernetics by Norbert Wiener (1894 -1964).

“Thousands of people pronounce the word ‘ampere’ knowing nothing about that
man. While his mortal remains had turned to dust, his name became the common property
of mankind” (M. Berthelot, 1827-1907). André Marie Ampére (1775-1836) was born in
Lion, in the family of a rich liberal merchant. When he learned to read, he began to eat
up all the books being in the large library of his farther and in the Lion city library. At the
age of twelve, he became proficient in differential calculus; at that he learned Latin, to
read Euler and Bernoulli in the original, later he learned ancient Greek and Italian. At the
age of fourteen, he studied all the twenty volumes of the Encyclopedia by Denis Diderot
(1713-1783) and Jean le Rond d’Alembert (1717-1783). Having no teachers and not
going to any school, he was well trained gaining wisdom by experience. In 1793 his
farther was executed by Jacobeans, and for more than one year he was in mental disorder.
After that Ampere successively indulged in botanic and poetry (since 1795, verses in
French and Latin), mathematics (1802), chemistry (1816, he had done the first
classification of chemical elements), physics (1820, he created new science -
electrodynamics). Last years he engaged in systematization of flora and fauna, and all the
knowledge.

Classification of fullerenes
Periodic system of fullerenes

In 2017, we created the periodic system of fullerenes, based on symmetry principles. It
consists of horizontal series and vertical columns (groups) [21-30]. The horizontal series
form the An periodicities, where the fullerene structure changes from threefold symmetry
to sevenfold through four, five and sixfold ones. The vertical columns include the
fullerenes of one and the same symmetry s, the mass difference of perfect fullerenes for
each column being equal to a double degree of symmetry Am=2s. The first version of the
system contained the series beginning with An=6, later the series An=2, 4 were added.
The full version is given below. We suppose the fullerenes of one and the same column
have similar physical and chemical properties.

Two columns of three fold symmetry differ by the shape of their apices. The
fullerenes of S-symmetry column have two sharp apices, the third order symmetry axis
going through them; those of T-symmetry have two truncated apices, the third order axis
going through the centers of equilateral apices triangles (Table 1).



Periodic system of fullerenes from the mathematical standpoint 130

Table 1. Periodic system of fullerenes

Series Symmetry of fullerenes
3-fold S 3-fold T 4-fold 5-fold 6-fold
Columns (Am=6) (Am=6) (Am=8) (Am=10) (Am=12)

An=2 Cz Ca Cs C10 C12
An=4 Cs C12 C16 Czo C24
An=6 C14 C1s C24 C30 C36

Cie Cug Ca C2 Ca6 Cas Cso Csz G4 Cs6 Csg Csg Cao Caz Cas Cye
An=8 C2o Caa Cx Cao Cus

Caz G Ca Cug Cs4q Cz6 Cs Caz Caq Cyg Cag Cso Csz Cs4 Cse Css
An=10 Cze Cso C4o Cso C60

Cas Cso Csy Csq Caz Caq Gy Csz Csq Cs6 Csg Ce2 Coa Ces Cos Cro
An=12 C32 C36 C48 C60 C72

Casq Cse Csg Cao Cso Csz Csa Ce2 Coa Ces Ces Cr4 Crg Crs Coo Caa
An=14 Css Ca Cse Cro Css

Cao Cay Cas Cae Css Coo Ce2 Cra Grq Gy Gy Css Csg Cop Coz Cog
An=16 Cua Cas Cea Cso Coe

Cas Cug Cs0 sz Ces Cos Cro Csz Cgq Cos Cas Cos Cio0 Ci02 Cro4 Caos
An=18 Cso Css Csn Coo Cios

Theory of sets and fullerenes. Topological symmetry

From the standpoint of mathematics [29], the series and columns are sets. The notion
‘set’ or ‘totality’ is considered as one of the simplest mathematical notions. It is not
defined and is explained by means of examples. For example, we may say ‘a set of books’
composing a library. At that the books are the elements of the set. To determine a set, it
is necessary to point out such property of the set elements, what all the elements have
and only they. In our case we may consider the fullerenes of one and the same column
as the set An=2m.

For the sets it’s possible to perform different operations. We need such operation as
crossing of two sets, i.e. the set of elements being common to both sets. Joining the sets
of series and columns into one set (the periodic systems of fullerenes) we have obtained
the crossing of those two sets, i.e. the fullerenes being common to both sets. In our case
they are regular (perfect) fullerenes; they are denoted by bold symbols. In doing so, we
have obtained the possibility to mark out the regular part of the fullerene set, or the
ordered subset which elements are the fullerenes of a regular shape. Other fullerenes
compose the subset of imperfect fullerenes. However there is a curtain order in this subset,
i.e. the imperfect fullerenes produce partially ordered subset.

By analogy with physics of crystals, consider what it means. In crystal physics there
are such notions as a short-range and long-range order. In real crystals, the long-range
order is impossible because defects violate a translational symmetry [28]. Nevertheless
the long-range order is observed experimentally; however diffraction lines differ from
theoretical d—functions. The lines become broader and lower throughout the height, but
they conserve a sequence, in other words they have a fixed place. Such real long-range
order is known as a topological one (tomog — place).

By analogy with physics of real crystals, we assume that imperfect fullerenes are
originated in due to the appearance of extra carbon dimers which play the part of defects. In
real crystals the number of defects is much less than the number of the atoms forming a
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crystal lattice. Likewise, in imperfect fullerenes the number of the extra dimers that distort
the structure is many fewer than the number of regular atoms (It's clear from the periodic
system). For this reason, the symmetry violation takes place only in a local region around the
defect (extra dimer) but in the most part of a fullerene the symmetry is conserved. We have
named such symmetry of imperfect fullerenes topological symmetry [22].

Topology and fullerenes

In the sentences above we used the adjectives (the part of speech being the indicator of
a subject), topological long-rang order, topological symmetry. What does the noun,
topology, mean? In mathematics, topology is defined as its part in which the idea of
continuity of space and time is studied [29]. The formal definition of space and time is
based on the notion of a set. The space is defined as the set of the elements (points) in
which some relations between the points are fixed, these relation being similar to
common space relations.

Historically the first mathematical space is the 3-dimensional Euclid space
(Evxiewong IV-IIl Ages B.C.), which corresponds with the real space approximately. The
general notion of space is the result of generalization and modification of the Euclid
geometry. The set of mathematical functions, the set of states of a physical system, the
set of polyhedrons make up the spaces where the points are functions, states,
polyhedrons. These sets are understood as spaces if there defined the relations between
the points, e.g. the distances and properties which depend on them. For example, the
distance between the states is defined as the difference of energies of the states. A figure
is defined as an arbitrary set of points.

The general relation in any set is the relation of belonging: a point belongs to a set;
a set is a part of another. If only these relations are taken into account, the set has no
geometry and therefore it is not a space. However, if to separate some special figures
(special sets of points), the laws of point connection with these figures create the
geometry of space. The laws are named axioms. In particular, the Euclid geometry is
created through the axioms of belonging, one of which looks like: through any two points
it is possible to draw a line and only one. Here the special figure is the line.

As a special set, one can choose instead of points their neighborhood. At that, under
the action of connection laws there appears a sort of space, so called topological space.
All sorts of objects are studied in that space. This version of geometry is the most general
geometry, and it is named topology.

Consider some examples. A special case of the more general topological space is a
metric space which is generated by some metrics. A metrics (uetpov — measure) is the
distance between two points of a set. The number scale, Euclid space of any dimensions,
phase space of states of a physical system, all of them is an example of the metric spaces.

The topological spaces are classified into different types. These classes had
appeared under the influence of different branches of mathematics and other sciences,
which have different aims and they are unlike to each other, e.g. the sets of functions and
polyhedrons. The latter is defined as the set built in a regular manner from elementary
figures such as line segments, triangles, tetrahedrons, prisms etc.
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The main problem of topology is considered to be revealing and studying
topological properties of spaces or topological invariants, i.e. the properties of figures
which are conserved during any continuous similar mapping one topological space into
other. In particular, the number of measurements of a figure (dimensionality) is a
topological invariant. We assume that topological long-rang order and topological
symmetry are also topological invariants.

Coordinates, topology and periodic system of fullerenes

In 1637, René Descartes (Cartesius, 1596 - 1650) had published “Geometry”, which
incorporated into algebra all the classical geometry and later was named analytic
geometry [29,31]. Nine years he studied at collége la Fléche, one of the best French
educational institutions established by Jesuits by approbation of King Henri IV (1589-
1610), who gave them his family castle ‘chateau Nef. Descartes studied at first Latin,
ancient Greek, grammatics, dialectics, rhetoric, theology and scholasticism. The last three
years were devoted to philosophy which embodied logics, ethics, physics, mathematics
and Aristotle’s metaphysics. Descartes highly appreciated the quality of education in
Jesuit’s college.

In 1615, he entered the Poitiers University for studying law and medicine. Having
become a bachelor, he thirteen years traveled across Europe, visiting Italy, Poland,
Denmark, Germany, Czechia and the Netherlands. It was the stormy period of Thirty Years’
War (1618-1648). Descartes had served in three Armies: Dutch, Bavarian and Hungarian.
Beginning with 1628, he had lived twenty years in the Netherlands devoting himself to
science. In 1649, he arrived to Stockholm, having accepted the invitation of Queen
Christina, who wanted to establish Sweden Academy of Sciences. The unusual severe
climate led to pneumonia and some months later he had died.

Descartes was an adherent of real philosophy, but contrary to his forerunners, he
was not only well educated in the humanities, but well educated in natural philosophy.
He had searched a general method of reasoning. Whereas Montaigne and Bacon evolved
the real philosophy on the base of inductive reasoning, Descartes developed deductive
reasoning. “In those times the only science on nature, which had a systemized building,
was mechanics [31]. A key to understanding mechanics could be given by mathematics.”
Thus the development of the real philosophy led to mathematics. “Taking in account that
among the all seeking the truth only the mathematicians had managed to find precise
and evident proofs, | did not doubt that it was necessary to begin with mathematics” [17].

Cartesian coordinates. Descartes’ geometry contained the method of coordinates
what lay in the following. We take two straight lines Ox and Oy intersecting at point O
and perpendicular to each other. The indefinite straight line Ox is known as the axis of
the abscissas or the x-axis; the indefinite straight line Oy is called the axis of the ordinates
or the y-axis; point O is called the origin of the coordinates (abscisio — cut off, ordinatus -
ordered, co - jointly). The lines Ox and Oy together with origin O make the Descartes’
system of coordinates.

The position of any point M in this system is defined in the following manner. Let
us assume M, and M, to be the projections of this point onto the axes of the coordinates,
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the values of segments OM, and OM, being numbers x and y; they are known as the
Cartesian coordinates. The point M is denoted as M (x, y).

Topological lattice. It is a set of topological-space points having whole coordinates
with respect to some system of coordinates [29]. In essence, the periodic system of
fullerenes is the lattice of a definite plane of a topological space. Here the space points
having whole coordinates are the knots of the lattice. A point M is the fullerene C, of
mass m, an abscissa x is the whole coordinate s (the order of symmetry) and an ordinate
y is the whole even coordinate An.

The abscissa s takes the value 3S, 3T, 4, 5, 6 and 7; the ordinate An = 2, 4, 6, 8, 10,
12,14, 16, 18. At that, the mass of the point M (the mass of fullerene Cy,) can be calculated
with the following formula: m=sxAn. The one exception is represented by the points
having the abscissas s=3S; here the formula takes the form: m=sxAn - 4. The point M
together with the coordinates can be written as C, (s, An). For the fullerenes of the third
order symmetry, it is necessary to add argument S or T, for example, Cs; (3S, 12) and Cs
(3T, 12). In principle, one may include into the arguments of the point of topological space
other values, e.g. energy. In such a form, the periodic system of perfect fullerenes was
presented in [21] without evidence for its topological nature.

In the case of the complete periodic system of fullerenes, which embodies perfect
and imperfect fullerenes, the situation becomes more complex. Here it is necessary to
include into the topological lattice not only the knots but isolated points what correspond
to imperfect fullerenes. These points are located on the coordinate lines parallel to the
axis of the ordinates. For example, the coordinate line going through the abscissa s=3S
has the following knots: C3, Cs, C14, C0, C26, Cs2, Css, Ca4, Cso.

Two points should be added in each interval between the knots (perfect fullerenes).
As a result, the coordinate line takes additional points located between the knots: C;, Cs,
C14, C16, C18, CZO, C22, C24, c26, C28, C30, CSZ, C34, C36, c38, C4O, C42, C44, C46, C48, cSOo

In a similar manner, it should be dealt with the fullerenes of other symmetry. In the
general case, the number of added points in each interval between the knots is equal to
s-1.

Graph representation. The periodic system of fullerenes can be also presented as a
graph, if to connect some points of the topological lattice with arcs. If to specify direction
to these arcs, we obtain an orientable graph. For example, let us connect the points of
the number axis, such as C;—C;5—C30—Cs2. Then we obtain the finite-arc sequence
which is called a route [30]. In our case, the route reflects the growth of the fullerene in
the interval (Cz, Cs2) through embedding carbon dimers. If to connect all the points
corresponding to the fullerenes having one and the same mass, but different symmetry,
we obtain the route of isomers. Inputting the routes into the periodic system of fullerenes
allows lead well-directed investigations.

Conclusion

Empirically found horizontal and vertical symmetry allows give a preliminary
classification of fullerenes. Two different symmetries are united into a common symmetry
producing the periodic system of fullerenes. This system may be considered as the
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topological lattice in the topological space of the points corresponding to the fullerenes.
The system gives the general classification of fullerenes on the basis of symmetry.
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ABSTRACT

The production techniques intended for synthesizing the metal matrix composites (MMCs) with particle-
sized reinforcements are summarized and also the influence of reinforcement particles on various
properties of MMCs is discussed. Stir casting is one of the largely used production practice for such MMCs
as it is economical but there is some compromise with quality of composite due to agglomeration of
reinforcement particles within the matrix phase. Such problem does not occur when MMCs are fabricated
using ultrasonic stir casting process, squeeze casting and powder metallurgy technique. Tensile strength
and hardness of MMCs were improved by 9 to 110 % and by 5 to 120 %, respectively, by adding
reinforcement (0.5% to 30%). Wear rate and corrosion rate were decreased from 5.5 to 3.7 mm3/km and
0.0396 to 0.0178 mm/yr, respectively. But some properties like ductility, % elongation, toughness and
impact strength of the composite are compromised due to the brittle nature of the reinforcement.
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Introduction

In aerospace and automotive industry there are always a requirement of high strength,
low weight and high toughness material. Strength and toughness also have inverse
relationship. So, how to get such a material? The answer is composites. Composites
possess such type of exceptional combination of mechanical properties and other
properties also. Two or more materials with distinct chemical compositions and phases
make up a composite [1]. The matrix-phase of the composite transfers the load to the
reinforcement whereas the reinforcement-phase of the composite sustains the load and
provide the strength required to the composite [2]. For classification of composites refer
to Fig. 1. Aluminium, copper, magnesium and titanium are most commonly used matrix
materials in fabrication of metal matrix composites (MMCs) whereas the reinforcement
material can either be metal or non-metals like ceramics and organic materials [3,4].
Various kinds of reinforcement materials that are used in MMCs are summarized in
Table 1. Using coated graphite (Gr) particles as reinforcement and Aluminium metal as
the matrix, the first MMCs were created in the mid-1960s [5]. The weight percentage of
matrix material in MMCs is typically greater than that of reinforcement material. With
addition of reinforcement material, various material properties of MMCs can be
tailored [6] like tensile strength, hardness, wear resistance, corrosion resistance, impact
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strength etc. The reinforcement material can either be in form of small particles, whiskers
or fibers [7].

The main focus in this review is on the MMC with particle-sized reinforcements (or
PMMCs) as they are cost-effective in terms of procurement and production cost. In these
types of composites, the reinforcement material is in the form of small particles i.e. there
is no long dimension [8]. Due to cost restrictions, MMCs find their usage mainly in
structural and engineering related industries such as automobile industry, aerospace
industry, ship-building industry, and sports industry where the product requires good
strength with minimal density or weight [9]. MMCs are used in Boeing aircrafts (787, 777)
and fighter jets (F-16). Door access panels, fuel lid cover, and rotor blades sleeve are
made of MMCs. MMCs also find their applications in drive shafts, brake discs, and cylinder
walls in an automobile. Sports products like track shoes, tennis rackets, and golf sticks
can also be made using MMCs [10,11].

The problems with conventional processing of MMCs are agglomeration of particles,
low density, low wettability between matrix and reinforcement material and thermal
instability due to different coefficient of thermal expansion [12,13]. To overcome such
issues various alternative fabrication methods are developed and also few modifications
are made into the conventional processes like two-step stir casting process or ultrasonic-
assist stir casting process [14]. These various types of production techniques of PMMCs,
their process parameters along with the influence of particle-sized reinforcements on the
properties of the fabricated composites are discussed in this paper through numerous
past research articles.

Composites
|
| | |
Ceramic Matrix Metal Matrix Polymer Matrix
Composites Composites Composites

Fig. 1. Classification of composites based on matrix material

Table 1. Different reinforcement materials used in MMCs

Reinforcement Types Examples

Borides TiB,, ZrB,[15,16]

Carbides SiC, TiC, WG, B4C [17-20]
Ceramic | Nitrides SizN4, BN [21,22]

Oxides ALOs, Zr0O,, Cry,0s, TiO; [23-25]

Carbon allotropes Graphite, graphene, fullerene, CNT, carbon fibres, MWCNT [26-30]
Organic Flyash, ricehusk, red mud [31-34]
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Production techniques of particle-reinforced metal matrix composites

The production techniques for the particle-reinforced metal matrix composites (PMMCs)
are illustrated in Fig. 2. Stir casting and squeeze casting are the most commonly used
liquid-state techniques for the synthesis of MMCs, whereas powder metallurgy is
preferred among the various solid-state techniques [35]. In this review paper discussions
will be on stir casting, squeeze casting and powder metallurgy (PM) techniques along
with recent modifications made by researchers.

Production
Technigues for
MMCs

Liquid State Solid State In-situ

Powder

— Stir casting |  Metallurgy

Friction Stir

—Squeeze Casting| = Process

Fig. 2. Different types of production techniques for MMCs

Stir casting

One of the frequently used fabrication techniques for casting MMC with ceramic
reinforcements was commenced in 1968 by S. Ray [36,37]. It is an economical process
and provides better density to the composite as compared to that of solid-state
techniques like powder metallurgy [38]. The stir casting setup can be seen in Fig. 3, where
the composite is formed by mixing reinforcement (particles or fibres) into the liquid melt
pool (matrix phase) with the help of a mechanical stirrer that is electrically fitted. The
stirring action helps in improving the wettability between ceramic reinforcement and
liquid metal [39]. In order to reduce blow holes and porosity in the casted composites,
shielding is done wusing Argon or Nitrogen gas. Degassing agents such as
Hexachloroethane (C,Clg) or creating a vacuum condition can also remove trapped gases
in the melt pool [40-42].

In 2018, Faisal and Kumar [43] fabricated an Aluminium matrix composite (AMC)
with Silicon carbide (SiC) nanoparticles using a conventional stir casting approach.
Aluminium alloy AA2219 was melted at 800°C and preheated SiC was added with wt. %
varying from 0.5 to 2.5 %. Changes in the mechanical properties and tribological
properties were observed with the change in SiC content. Mohanavel et al. (2018) [44]
stir casted AA6082/AL,0s nano-MMCs with reinforcement wt. % varying up to 3 %. The
furnace temperature was 850 °C and the melt mixture was stirred for 20 minutes.
Madhusudhan et al. (2017) [23] developed AA7068/ZrO; (upto 8 %) MMCs using stir
casting route. C;Cls was added to the melt mixture to remove the air and other gases, i.e.
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improve permeability. The mixture was stirred at 200 rpm for the homogeneous mixing
of particles in the pool.

Motor

P Stirrer

\ f P Crucible

. : ; —— Furnace

| 7% Molten metal

Fig. 3. A simple schematic of stir casting set-up

The problem with stir casted composites is that with an increase in reinforcement
volume there is the increased agglomeration of particles within the matrix [45]. This
occurrence can be a result of a decrease in wettability between particles which could
reduce interfacial bonding between them that could lead to debonding of particles. The
reason behind poor wettability can be the weak adhesion between the particles due to
the layer of contaminants and the presence of oxide films on melt surface can hinder
wettability between the liquid metal and ceramic particles which causes agglomeration
at interfaces [46]. The scanning electron microscopy (SEM) test result of the fabricated
AMC through stir casting route by Sharma et al. (2015b) [47] revealed the clustering of
reinforcement particles in the aluminium matrix when wt. % of graphite was increased
upto12 %.

The wettability could be improved either with a coating of the reinforcement
particles or with the addition of some dopants like magnesium (Mg) [48]. Few
modifications in the conventional stir casting method could improve mixing of
reinforcement particles preventing the formation of a cluster of particles such as using
an ultrasonic probe, two-step casting, hot extrusion etc. [49,50].

In 2020, Purohit et al. [51] used ultrasonic probe assist stir casting followed by hot
forging to fabricate MMC with an Aluminium alloy Al6061 as matrix and nano-Al,Os
(2 to 3 %) powder as reinforcement. The distribution of reinforcement particles in casted
composites and hot forged, as observed through SEM test, was uniform which was further
improved with heat treatment. Hashim et al. (2001) [52] did extensive research on
improving the wettability between reinforcement and matrix materials. It was improved
by the addition of filler material such as Mg upto 1 % by weight and also by stirring the
mixture at a semi-solid state. Singh & Goyal (2016) [45] fabricated a hybrid AMC with SiC
and B4C (5 to 20 %) as reinforcements. To enhance the wettability and bonding between
the two phases, Mg powder was added. Al/SiC based MMC was manufactured by Kaushik
& Singhal (2018) [53] using a modified two-step stir casting procedure accompanied by
mixing of 1 wt. % Mg powder. Satisfactory mixing of particles was observed till 7 wt. %
of SiC reinforcement particles.
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With Ultrasonic assist stir casting, manufacturing of the metal matrix composites
with different metal matrix materials (like magnesium, titanium, copper etc.) becomes
easier as compared to the conventional stir casting technique [54]. In 2010, Z.H. Wang et
al. [55] produced Mg/SiC nano-MMC using ultrasonic stir casting technique where matrix
material was Magnesium alloy AZ91. Qi et al. [56] produced Ti/TiC (10 to 20 %)
composites through stir casting process, where electromagnetic stirring of melt pool was
done in order to produce homogeneous mixing of TiC particles within the liquid titanium
melt.

Brief information about the matrix and reinforcement material and process parameters
used by various researchers in the stir casting procedure can be found in Table 2.

Table 2. Materials and process parameters used in stir casting

Matrix Reinforce Process parameters Remarks
ment
LM4 [15] (TiB2)e 800 °C and 500 rpm (TiB,)r were preheated at 600°C
AZ91 [57] (GSrIC)P and 680 °C An aluminite coated stirrer was used.
Al6061 [58] (TiB2)e 750 °C and 450 rpm The melt was stirred in semi-solid form.
LM6 [59] (Zr02)p 850 °C and 950 rpm Stirring was d.one with drill machine at 950
rpm for 15 minutes.
AL6061 [60] (Zr0y)» 700-800 °C and 350 NH4Q and Mg werg added ft_’.)r degassing
rpm and improvement in wettability.
) . o Stirring was done with graphite mixer at
Al6063-T4 [61] (TiO2)p 850 °C and 450 rpm 450 rpm for 4 minutes.
Al2219 [62] (TiO)p 750 °C and 300 rpm C,Cls was added for degassing.
AL6101 [63] Gr 800 °C and 550 rpm siodmposnes were heat treated as per T6
Al+4.5%Cu [64] (ALOS) 1000 °C and 30 min Exothermic reaction took place which
formed Al-Cu phases
AL7075 [65] (ALLO3)p 850 °C and 500 rpm Spiral shaped stirrer was used and
and Gr composites were heat treated afterwards.
AL6061 [66] (ALLO3)p 800 °C and 200 rpm C,Cls was added for degassing.

Squeeze casting

In this method, MMC is formed by applying high pressure to the mixture of molten metal
and reinforcement particles [67]. In this method, either the liquid mixture of metal matrix
and ceramic or organic reinforcement are compressed together to the solid form (direct
casting) or the molten metal is made to infiltrate the preform made of reinforcement
material by applying pressure (indirect casting) [68]. An indirect route is generally
preferred for casting MMCs with ceramic reinforcements. In comparison to stir casting,
squeeze casting does not require a riser and runner thereby material wastage is reduced
to the bare minimum. Also, there is improvement in the wettability between particles
along with Lless probability of agglomeration at interfaces and low porosity due to applied
pressure [69-71].

In 2020, Patil et al. [72] fabricated an Al-4.5%Cu matrix composite reinforced with
ALO:s fibres (10, 20 and 30 %) using the Squeeze Casting method. The alloy was melted
at 750 °Cand it was pressed against the preform at a pressure varying from 70-100 MPa.
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Feng et al. (2008) [69] developed the hybrid composite with Aluminium borate whiskers
(ABOw) and Tungsten oxide particles (WOs;) as reinforcement materials and 99.6 % pure
Aluminium as the matrix, using the Squeeze casting method. The pressure applied was
80 MPa. The hybrid preforms of WOs, and ABOw were made using silica gel as a binder.
Homogeneous mixing of both the reinforcements was observed in the hybrid composite.
Gurusamy et al. (2014) [67] analysed the mechanical behaviour of the Al/10%SiC MMC
developed using the Squeeze casting process, as a function of melt and die temperatures.
The pressure used was 100 MPa. From the SEM test of the samples with varied melt
temperatures, it was evident that the agglomeration of the particles was more at low melt
temperatures and it was less at higher melt temperatures. The optimum die temperature
at which the yield and impact strength were maximum was 350 °C.

Succinct information about the materials and process parameters (alloy melt
temperature and pressure applied) used in squeeze casting by some of the previous
researchers can be found in Table 3.

Table 3. Materials and process parameters used in squeeze casting

Matrix Reinforcement | Process parameters Remarks
LM6 [31] Flyash 800 °C and 3 MPa The stir-squeeze procedure was
followed.

Low porosity, high density and
better distribution of particles at
high pressures above 50 MPa.
Al4032 [74] | (SiQp 750-800 °C and 100 MPa Uniform distribution of SiC.
Homogeneous distribution of
reinforcement.

ALl7075 [75] | (AL:O3)p 750 °Cand 125 MPa Stir-squeeze route was used.

800 °C, pressure: 0, 30 to 130

A356 [73] | (SiC)e MPa

Al6061 [70] | (SiC)p 800 °C and 100 MPa

Powder metallurgy

It is a frequently used solid-state fabrication technique where both the matrix and
reinforcement materials are in form of small particles or powder. The complete procedure
for the PM technique can be seen in Fig. 4. The powders are mixed and ball milled in the
required ball to powder (BPR) ratio. The mixture is then pressed with high pressure to
form a green compact which then is then sintered at elevated temperatures [76]. It is a
costly method but there is no wettability problem between reinforcement and matrix
material, unlike the stir casting method. It also provides better distribution of particles as
compared to the stir casting method [77].

Powder

i il i Sinterin
formation Ball milling Compaction g

Fig. 4. Steps in PM technique
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In 2014, Ashwath and Xavior [78] developed an Al2900 matrix composite with SiC,
ALOs and Graphene as reinforcement materials (10 to 20 %) using the PM route. The
powders were all mixed and ball milled followed by compaction at 650 MPa and sintering
at a temperature of 550 °C for 10 to 15 min. Al-based composites were manufactured with
0.5 to 4.5 % TiO; reinforcement by Nassar and Nassar (2017) [79] with help of the PM
method where the powders were first ball-milled and then compacted at a pressure of
100 MPa. Sintering was done for the compacted samples at a temperature of 450 °C in
the protective environment of Argon.

With some further treatment like extrusion and heat treatment after developing
MMC through the Powder metallurgy technique, the hardness of composite and mixing
of reinforcement particles can be improved [80]. Al-Cu/SiC composite was synthesized by
Z.Wang et al. (2010) [77] using the powder metallurgy method followed by hot extrusion.
Al-Cu and SiC powders were first ball milled at a BPR ratio of 4:1 followed by compaction
at a pressure of 200 MPa. The compacted mixture was sintered at 420 and 570 °C and
was then hot extruded. There was an improvement in the homogeneous mixing of
reinforcement particles due to extrusion.

Aluminium metal matrix is mostly preferred when fabricating any MMC using
conventional stir casting process but through the Powder Metallurgy process, different
matrix materials can be used [81]. Some modifications can also be made in the steps of
PM process for manufacturing different types of MMCs [28]. Magnesium powders usually
get burnt during ball milling so the composite powders are mixed and stirred within the
solvent like ethanol. The powders are then dried in vaccum followed by compaction and
sintering process to create a sample of Mg based MMC [82].

Table 4. Materials and process parameters used in PM technique

Matrix Reinforcement Process parameters (pressure, sintering temp., atmosphere
etc.)

Ti powder [18] | (B4Q)p 60 MPa, 1450 °C, Sintering time: 60 min

Ti powder [24] | (ZrOy)p 700 MPa, 1100 °C, Argon, BPR- 10:1

Mg powder [25] | (TiOy)e 960 MPa, Sintering at 500 and 400 °C, hot extrusion with a
ratio 16:1

Mg powder [28] | (Fullerene)r Compaction at 50 MPa and 540 °C, Sintering at 540 °C

for 60 min using Argon gas for shielding.
Mg powder [82] | (Cu)s and Graphene | 600 MPa, 630 °C, Argon, hot extrusion with ratio 5:1
nanoplatelets (GNP)

Al powder [83] | (SiC)p and (B4C)p 150 MPa, 610 °C, Nitrogen

Al powder [84] | (ALOs)e 250 MPa, 600 °C, Inert, Sintering time: 300 min.

Ti powder [85] | (AlSiCoFeNi)p 1000 MPa, Sintering at 600,700,800 and 900°C, Vaccum
Al powder [86] | (ALOs)p 500-600 °C, Argon, BPR- 10:1, Sintering time: 30-90 min.

Song et al. (2019) [76] studied the consequences of carbon-fibre powder (upto
0.8 %) on the tribological properties of the Copper MMC fabricated by the PM method.
For uniform and homogeneous mixing, the powders were mixed continuously for 8 h.
Then the mixture was cold pressed at 50 MPa followed by a sintering process at a
temperature of about 1000 °C at 0.5 MPa. El-Tantawy et al. (2018) [22] fabricated Nickel-
Copper Matrix Composite with Boron Nitride nanoparticles (1 to 5 %) as reinforcement
using powder metallurgy technique. Copper and nickel powders were made from the
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atomization method. A very small percentage of paraffin wax (0.5 %) mixed in acetone
was used as a binding agent. Uniform and homogeneous distribution of boron nitride
particles was found in the sintered composite. A summary of a few of the previous
researches on MMCs processed using PM is given in Table 4.

Alternative techniques for processing MMCs

There are a few other techniques apart from the above three for manufacturing of MMCs
such as friction stir processing (FSP) method, disintegrated melt deposition, mechanical
alloying, compo-casting method, in-situ method etc.

In 2011, Ghosh and Saha [87] studied the wear behaviour of the aluminium MMC
with silicon carbide (10 to 30 %) as reinforcement which was fabricated using Direct
Metal Laser Sintering (DMLS) method. Dinaharan et al. (2020) [88] developed titanium-
reinforced (upto 21 %) Mg-based MMC using the FSP technique. Process parameters like
the number of tool passes, traverse speed of tool and volume fraction of titanium particles
were altered for obtaining the uniform distribution of reinforcement and the optimum
value of tensile strength.

Some of the alternate techniques are mentioned in Table 5 used in the past
researches for synthesizing of MMCs.

Table 5. Alternative production techniques

Process used Matrix Reinforcement
Friction stir processing [89] Al6063 (Quartz)p
Disintegrated melt deposition [90] Pure Mg (Fly ash waste)p
Investment casting [91] Ti alloy B4C

Spark plasma sintering [92] Pure Al powder SiCp
Compo-casting [93] Al6061 Flyash

Effects of reinforcement particles on the properties of the MMCs

With the introduction of reinforcements, there will be few changes in the mechanical,
physical and tribological properties of the MMC compared to that of monolithic metals or
their alloys. Some changes are beneficial and unwanted. Few of the properties of MMCs
are mentioned below:

Tensile Strength

The strength of material under the action of tensile forces is known as tensile strength.
High values of tensile strength mean that the material can perform its intended function
at high loading condition. It improves with the introduction of reinforcement particles as
they act as barrier to the dislocation movement which increases the value of stress
required for same amount of plastic deformation [55]. Reddy et al. [94] produced Al 5052
based hybrid composites using SiC and TiC particulate reinforcements. The tensile
strength of hybrid MMCs were improved from 119 to 142 MPa (19.3 % increase in
strength). MMCs were produced by adding Al,Os to pure Mg using PM method [95]. Tensile
strength was increased by 26 % (from 168 to 211 MPa) when compared to base alloy.
Comparative tensile strength of different base alloys and their MMCs are demonstrated
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through bar graph in Fig. 5. Table 6 shows the summarized tensile strength data for
various MMCs observed by past researchers.

Al7068/7r02 J

mMMC

| Base metal

LM6/Zr02 e
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Tensile Strength (MPa)
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S
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Fig. 5. Tensile strength of base metal and MMC. Based on [23,59]

Table 6. Summarized Tensile strength data for various MMCs

Tensile strength, MPa
MMcC Method Base Alloy MMC
Al6063/B4C/marble dust/Gr/glass fibre [6] Stir casting 180 249
Al6061/Zr0,/Gr [38] Stir Casting 128 166.3
AZ91C/SiC [41] Stir casting 84 178
Al2219/SiC [43] Stir Casting 80 87
AZ91D/SiC [54] ltrasonic Stir 133 191
casting
Mg/Cu/GNP [82] Powder Metallurgy | 164 260
AZ31B/Ti [88] Friction stir 226 283
processing
Ti/B4C [91] Investment casting | 785 1029
Mg/AL, 03 [95] Powder Metallurgy | 168 211
Ti/SiC [96] Spark plasma 504 18 726 + 10
sintering
Hardness

It is the resistance to indentation or scratch. Strength and hardness are correlated with
each other. The ceramic reinforcements are hard and brittle in nature thus addition of
even a small amount of reinforcement material improves the hardness of composites
significantly [97]. The hardness value for AlL7075/h-BN MMCs manufactured by Kuldeep
et al. [40] was improved up to 68 BHN at 3 % h-BN. The improvement in hardness was
attributed to the increase in dislocation density. Yoganandam et al. (2020) [81] analysed
the mechanical properties of TMC developed using powder metallurgy method and found
the rise in the values of hardness up to 5.24 % (53.97 to 56.80 BHN) with continuous
mixing of boron carbide powder as reinforcement. Mg-based MMCs were manufactured
with 5 % ALOs and 0-8 % SiC [98]. The hardness was increased by 16.47 % (64.53 to
75.16 HV). The hardness was increased due to grain refinement and precipitate
hardening. Comparison of hardness between base metal and fabricated MMCs is
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illustrated in Fig. 6. Table 7 shows the summarized hardness data for various MMCs
observed by past researchers.
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Fig. 6. Vicker’s hardness comparison between base metal and MMC. Based on [23,58,59]

Table 7. Summarized Hardness data for various MMCs

Hardness
MMC Method Base Alloy | MMC
Al6063/B4C/marble dust/Gr/glass fibre [6] | Stir casting 76 HV 88 HV
Ti/Zr0; [24] Powder metallurgy 290 HV 570 HV
Mg/TiO; [25] Powder metallurgy 5241 HV | 63.89 HV
LMé6/flyash [31] Squeeze casting 57.5 BHN | 64 BHN
AZ91D/SiC [54] Ultrasonic stir casting 63.5 HV 73.2 HV
Al6063/quartz [89] Friction stir processing 62 HV 135 HV
Mg/flyash [90] Disintegrated melt deposition | 472 HV 112+7 HV
Al6061/SiC/lute ash [99] Stir casting 48 HV 66 HV

Ductility and toughness

Toughness is the measure of ability of material to absorb energy. It is high for ductile
materials. With introduction of brittle reinforcement material, ductility and toughness of
MMC usually decreases. The percentage elongation also decreases with increase in
reinforcement quantity in the matrix of composite [45]. Deng et al. (2014) [100]
manufactured magnesium based MMC with SiC particles (2, 5 and 10 %) as reinforcement
and found that percentage elongation was decreased from 15 to 0.5 % with increase in
SiC particles up to 10 % into the metal matrix. Mg-MMCs were produced using Vaccum
stir casting with 15 % SiC added into AZ91C Mg alloy [41]. Elongation % was decreased
to 1.1 from 7.2 % as a result of hard SiC particles which hindered the plastic slip
movement. Aigbodion and Hassan (2007) [101] noted the decrease in the impact energy
(from 17 to 10 J) of the fabricated Aluminium MMC with rise in the volume of SiC
reinforcement particles upto 25 %. The elongation% was also reduced to 1.5 in 25 % SiC-
MMC from 6 % in base alloy. Roseline et al. [102] developed Al/ZrO, MMCs and the
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decrease in the impact energy from 5 to 3.56 J was reported. The percent elongation for
MMCs was compared with the base matrix in Fig. 7.
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Fig. 7. Percentage elongation of Base metal and MMC. Based on [21,23]

Corrosion and wear resistance

All materials fail either due to excessive wear or under the corrosive atmosphere
irrespective of loading condition. So, it's necessary to know wear and corrosion behaviour
of MMCs so that their useful life can be predicted. With improvement in hardness, the
resistance to wear also get enhanced [103,104]. Some materials like graphite acts as solid
lubricant when added into the composite thereby improving resistance to wear to some
degree [105]. To analyse wear resistance, dry sliding wear test is performed as per ASTM
G99 standard [99]. With addition of reinforcements, even the corrosion resistance of
developed MMCs gets improved as reinforcement materials do not corrode easily
compared to the pure metals [106].

In 2017, Harti et al. [62] fabricated the Aluminium based MMCs with TiC (2, 4 and
6 %) as reinforcement to enhance the wear resistance of synthesized composites as
compared to that of the monolithic metal. The dry sliding wear test was performed at
different loads (0.5 to 2 kg) and speeds (600-900 rpm). The 6 % SiC-based MMC has least
wear rate of 2 x 107 cm?/m. Similar enhancement in the wear resistance property was
found in copper based MMCs when investigated by Ali et al. (2020) [107] with addition of
4 % ZrO; and 4 % graphite (Gr) as reinforcement phases. The minimum wear of 122 ym
was found for hybrid MMC with 4%ZrO, and 4% Gr at 1 kg load and 300 rpm. Change in
wear rate with increase in reinforcement is evident from Fig. 8 [57], where the wear rate
of Magnesium based MMCs was decreased as reinforcement weight percent was
increased from 1 to 3%. Table 8 shows the summarized wear data for various MMCs
observed by past researchers. From the review of these past research works, it is evident
that the wear rate gets affected by the applied load, sliding distance and sliding speed.
Adhesion, abrasion, ploughing and delamination are common phenomena that occur
during the dry sliding wear test of MMCs samples [108-115].
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Fig. 8. Change of wear with reinforcement weight percent. Based on [57]

Table 8. Summarized wear data for different MMCs

Matrix material Reinforcement Wear
Base Alloy MMC
LM30 [108] 18% Al,SiOs 35 X 10"*mm?3/min 15 x 10*mm3/min
A356 [109] SiC+ MoS; 0.038 mg/m 0.013 mg/m
Al6061 [110] 3% Ce0,+3% GNPs 0.85 mm3/Nm 0.7 mm3/Nm
AlL[111] 0.1% GNPs 3.4 X 10™*mm3/Nm 1.2 X 10™*mm?3/Nm
AL[112] 15%TiB; 55 X 1073mm3/km 6 x 107> mm3/km
Mg [113] 0.5% ZnO 3.3 X 10"°gm/m 2.3 x 10 5gm/m
AZ91 [114] 0.15%MWCNT+0.15% GNPs 0.002 mm3/m 0.0005 mm?3/m
Mg [115] 2% SiC 0.0212 gm/m 0.011 gm/m
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Fig. 9. Change of corrosion rate with reinforcement weight percent. Based on [29]

In 2020, Say et al. [29] studied the corrosion resistance property of magnesium matrix
composites, which were reinforced with 0.1 to 0.5 % carbon nanotubes (CNTs), using
Potentiodynamic scanning (PDS) tests (Fig. 9). The minimum corrosion rate (0.0178 mm-y?)
was found for AZ91-based MMC reinforced with 0.2 wt. % of CNTs. An immersion test showed
increased corrosion in AZ91D-ZrO, composites after 72 h, but it decreased after 168 h [116].
The corrosion rate for MMC was reduced to 0.23 from 1.05 mm-y! for base alloy
(approximately 78 % reduction). This is due to the fine dispersion of the reinforcement, which
reduced corrosion potential. Kumar et al. [106] studied the corrosion behaviour of
Al6061/Ce02 MMC(s at different temperatures from room temperature to 75 °C where the
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samples were immersed for 180 h. The corrosion was increased with increasing temperature
but decreased with exposure time possibly due to anodic stabilization. Zakaria [117]
performed the corrosion test on Al/SiC composites as per ASTM G31 standard using 3.5 wt. %
aqueous solution at temperatures 25, 50 and 75 °C. The corrosion rate (CR) after immersion
duration of 120 h for base alloy was 0.205 mm-y* and by increasing the SiC wt. % up to 15 %
the CR was decreased to 0.173 mm-y* with fewer amount of pits formation. At high
temperatures, CR was found to be higher due to formation of intermetallics (AlC;) at the
interface. Figiel et al. [118] tested Ti-based MMCs for their corrosion resistance with TiC micro
(1, 10 and 20 %) and nano-powders (1, 10 and 20 %) as reinforcements. The corrosion
resistance (Rp0) and corrosion current density (/) for base alloy were 9.19 x 103 Q/cm? and
3.19 uA/cm?, respectively. The best corrosion resistance was observed in sample with 10 %
nano-TiC powder where values of Ryand I were 43.95 x 103 Q/cm? and 1.02 pA/cm?,
respectively.

Conclusions

Processing techniques of particle-reinforced MMC, influence of the particle-sized
reinforcement on various properties of MMCs as well as application of MMCs were
discussed briefly in the previous segments by reviewing numerous research papers. The
following conclusions are made:

1. PMMCs have wide range of applications: automobile parts, aircrafts bodies, sports
equipment;

2. stir casting, squeeze casting and powder metallurgy are commonly used methods for
production of PMMC(s;

3. the conventional stir casting method has its limitations like an agglomeration of
reinforcement particles caused due to wetting problem between matrix and
reinforcement particles;

4. agglomeration problems can be reduced to an extent by some modifications Llike
adding Mg powder, using ultrasonic-assisted stir casting or squeeze casting method;

5. porosity can be reduced by using Argon gas shielding and also by adding C,Clsinto melt
can result in degassing;

6. the powder metallurgy process can manufacture a variety of MMCs and is not limited
to just AMCs;

7. mixing of ceramic particles like SiC, Alumina, ZrO,, B.C etc., tends to enhance the low
strain properties like hardness, UTS, and yield strength (up to 100 %) along with wear
resistance and corrosion resistance of the MMCs as a result of increase in dislocation
density, precipitation hardening and grain refinement; but at the same time, ductility and
impact strength reduces due to the brittle nature of the reinforcement.
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ABSTRACT

Aluminum alloys are widely used in industry because of their superior mechanical qualities and high
specific strength-to-weight ratio. Al-matrix composites (AMC) may identify the newly synthesized material
because it has the mechanical properties of pure aluminum alloys with reinforcement from a variety of
ceramics. Matrix materials have included aluminum alloys, with ceramic reinforcements including
aluminum oxide (Al;Os), magnesium oxide (MnQO), graphene nanoplatelets (GNPs), boron carbide (B4C),
silicon carbide (SiC), graphite (Gr), fly ash (FA), etc. The best, most practical, and most cost-effective way to
create the composites is by the stir casting process. The review focuses on the two-step stir-casting process
for AMCs production. Reinforcement pre-heating temperature, injection rate, porosity, wettability, stirrer
structure, stirring time and speed, purge, pouring temperature, solidification rate, and mold temperature
are examined to optimize the casting process. Optimal conditions include preheating particles at 200-
500°C for 30-60 min, maintaining a feeding rate of 8-10 mg/min, stirring speeds of 700-800 rpm for 10-
40 min, and using a 30-degree to 60-degree impeller-blade angle. Emerging trends suggest enhancements
such as microwave heating, ultrasonic probe usage, inert environment incorporation, and electromagnetic
stir casting for improved wettability and uniformity.
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Introduction

Partially reinforcing a matrix of aluminum creates a strong structural material with
widespread use in aerospace and automotive applications [1]. Al-matrix composites
(AMCs) are a class of materials with desirable qualities achieved by reinforcing ductile
metallic alloys with hard particles [2]. These materials have superior mechanical
properties, including a higher significant modulus of elasticity, higher specific strength
with reduced weight densities, greater operational temperature, and better durability
against wear [3]. Most tasks associated with the automotive, electrical, and aerospace
sectors found an AMC material to be a superior substitute to current conventional
aluminum alloys [4]. Particulate AMCs are notable because of their enhanced damping
capacity, machinability, resistance to friction and seizure, and low thermal expansion
coefficient, among other characteristics [5]. AMCs are manufactured in a way that allows
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for a wide range of reinforcing element and base matrix changes during the melt-
stirring process. Maximizing Young's modulus, yield strength, and tensile strength while
keeping toughness to a minimum should be the fabrication targets for ultralight material
composites [6]. Instead of employing monolithic alloys, researchers have investigated the
prospect of increasing resistance to fracture and heat shock at elevated levels by
modifying production parameters like melt stirring and solidification rate [7]. Composites
deteriorate in their ability to withstand heat, corrosion, and wear as time passes. In order
to better understand and enhance the performance of AMCs, numerous researchers have
conducted tensile strength [8], compressive strength [9], impact resistance [10], dry
sliding wear [11], and fracture tests [12], as well as metallurgical tests such as scanning
electron microscope (SEM), transmission electron microscope (TEM), optical microscope
(OM), X-ray spectroscopy (XRS), and X-ray diffraction (XRD), etc. [13]. It has been decided
to concentrate on the stir-casting approach for the fabrication of AMCs due to it being a
very inexpensive melt-stirring technology currently available [14]. The main benefit of
this manufacturing process is that, in comparison to other methods, it is easy to
implement, has few limitations, and can be used to make a wide variety of shaped
components in huge quantities [15]. Figure 1 shows the historic development of the
AMCs.
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Fig. 1. Historic development of the AMCs

The objective of this paper involves understanding and optimizing the methods
used to create these composites. Stir casting stands out as an innovative and practical
method for making aluminum metal matrix composites (AMCs) in the ever-changing
world of materials engineering. This innovative method uses mechanical agitation to
evenly distribute reinforcing elements in an aluminum matrix, improving mechanical
qualities and performance. This research explores the stir casting technique and shows
its promise as a flexible and cost-effective way to make sophisticated composite
materials for varied industrial applications. This study seeks to open new materials
science and engineering frontiers by nuancedly exploring its principles, methods, and
problems.

Matrix and reinforcement particles
Matrix

The choice of matrix alloy for stir casting aluminum matrix composites (AMCs) depends
on several factors including desired mechanical properties, corrosion resistance, thermal
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stability, and cost considerations. Some common aluminum alloys used as matrix
materials (Fig. 2) in stir casting include:

1. ALl-SiC alloy (e.g., 6061, 4032): these alloys offer good castability, mechanical
properties, and corrosion resistance. They are commonly used in automotive and
aerospace applications.

2. Al-Cu alloys (e.g., 2024, 7075): these alloys offer high strength and excellent fatigue
resistance. They are widely used in aerospace, automotive, and structural applications.
3. Al-Mg alloys (e.g., 5083, 5052): these alloys offer good weldability, corrosion
resistance, and moderate strength. They are commonly used in marine and structural
applications.

4. Al-Zn alloys (e.g., 7075, 7050): these alloys offer high strength-to-weight ratios and
good fatigue resistance. They are often used in aerospace and sporting goods
applications.

5. ALl-Ni alloys (e.g., 2124): these alloys offer high strength and excellent fracture
toughness. They are used in aerospace applications where high strength and toughness
are required.

6. Al-Li alloys: these alloys offer significant weight savings compared to traditional
aluminum alloys due to the low density of lithium. They are used in aerospace
applications where weight reduction is critical.

[ Alloying elements J
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Fig. 2. Aluminum metal matrix composites

When selecting a matrix alloy for stir casting AMCs, it's essential to consider the
compatibility between the matrix alloy and the reinforcement material, as well as the
processing conditions required for stir casting.

Reinforcement

The manufacturing process is very sensitive to the choices made in the processing
variables. Many scientists have synthesized composites using many organic (coconut shell
ash (CSA) [16], fly ash (FA) [17], etc.) and non-organic reinforcements, such as Mg [18],



169 P. Kumar, D. Kumar, K. Kaur, R. Chalisgaonkar, A. Abrol

SiC [19], TiC [20], ALLOs[21], WC [22], B4C [23], TiO,[20], and many more as shown in
Fig. 3. The reinforcement size, shape, and behaviour are critical processing parameters in
the fabrication of aluminium-based advanced composite materials. AMCs with lower
particle sizes display improved mechanical characterizations, although reinforcement
size is the most influential component overall. Candiani et al. [24] developed a stir-
casting technique for the synthesis of AA 6061-Al,05; composites. Al,Os particles were
inserted at a depth of 5-20% in AA-6061 to create composites with somewhat uniform
dispersion. The micro-hardness and tensile strength of the specimens showed an increase
with increasing weight content in this investigation. Through the use of a stir casting
technique, binary ceramic reinforced composites based on AA6061/SiC/Fly-ash were
manufactured. 10 wt. % of SiC and FA-based particles were utilized for reinforcement,
whereas the percentages of fly ash in the matrix ranged from 0 to 2.5 to 5 to 7.5 to 10
wt. %. Both particles were evenly distributed throughout the composite matrix alloys
throughout the synthesis process for AA6061/10%SiC/7.5. The tensile strength and
microhardness of composites made with fly ash have increased, while the percentage of
fly ash used in their construction has decreased [25]. Stir casting was used to fabricate
AA-2014-based composite reinforcing molybdenum disulfide (MoS,), boron nitride (BN),
and graphite (Gr). Reinforced ceramics composed of 4 wt. % BN, 4-8 wt. % MoS,, and
6 wt. % Gr has found use. The hardest possible Vickers microhardness value was achieved
by composite material, with a 28 % increase in hardness above the basic matrix (AA
2014) [26]. Many scientists have found that using mono-, binary-, multiple-, or tri-
reinforcement in the ceramic's manufacturing through the melt stirring approach
improves the material's AMC performance [27-29]. There is a clear difference in
performance between binary or single-reinforced AMCs and multi-reinforced
composites [20].
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Fig. 3. Various organic and inorganic materials used as reinforcement
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Experimental setup
AMC Fabrication Processes

Fabrication processes for aluminium metal matrix composites (AMCs) as shown in Fig. 4,
encompass various methods such as stir casting, powder metallurgy, squeeze casting,
infiltration, spray deposition, mechanical alloying, direct metal deposition, extrusion, hot
pressing, each offering unique advantages and challenges tailored to specific application
requirements [30-32].

Aluminium MMCs fabrication process

Solid state processing Other processing
Friction Stir
casting

Liquid state processing

Infiltration

In-situ Reaction

Synthesis

Pressure Infiltration Stir Casting
s Compocasting

Melt Infiltration Squeeze Casting —
Vapour Infiltration Centrifugal casting

Vacuum Microwave High energy ball
Sintering Sintering milling & Sintering

Fig. 4. AMCs fabrication process

Stir casting

Stir casting is a popular and cost-effective way to make aluminium metal matrix
composites. Melting aluminium in a furnace crucible at 700-800 °C starts the process.
After melting aluminium, a mechanical stirrer forms a vortex in which warmed reinforcing
particles like SiC or AL,Os; are slowly added. Preheating the particles prevents molten
aluminium from cooling too quickly and improves wetting and bonding. To ensure
particle dispersion, stirring is done for a defined time. After mixing, a degassing agent
may release trapped gases, lowering porosity. After mixing, the composite is put into a
prepared mold and cooled to harden. Machining or heat treatment may obtain the desired
dimensions and qualities [33-36].

Powder Metallurgy

Fabrication of aluminium metal matrix composites using powder metallurgy is accurate
and adaptable. The procedure starts with aluminium powder and SiC or AL,Os reinforcing
particles. These components are combined, commonly in a ball mill, to distribute
reinforcement evenly throughout the aluminium matrix. A die is used to compress the
blended powder mixture under high pressure to generate a "green” compact that
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maintains the intended component shape. A temperature below aluminium’s melting
point is used to sinter this compact. A dense composite material is formed when particles
connect during sintering [37-42].

Squeeze casting

Liquid metal forging, or squeeze casting, is an innovative production technique for
aluminium metal matrix momposites (AMCs). Aluminium being melted in a furnace. After
melting, aluminium is placed into a prepared mold with reinforcing material like ceramic
particles or fibers. After pouring, a hydraulic press forces the molten metal to fill mold
holes and thoroughly permeate reinforcing material. High-pressure application continues
until the metal hardens, creating a thick composite with low porosity and good matrix-
reinforcement bonding. High pressure removes gasses and refines the microstructure,
improving composite mechanical characteristics. After solidification, the mold is opened
and the cast item is expelled for machining or heat treatment [43-46].

Infiltration

Infiltration is a complex technique for making aluminium metal matrix composites (AMCs)
by infusing molten aluminium into a porous reinforcing material like ceramic particles or
fibers. After preparing and moulding the preform, it is warmed to reduce moisture and
improve wettability. The mold is subsequently filled with molten aluminium, frequently
with external pressure or a vacuum, to guarantee thorough penetration into the preform's
pores. Pressure or vacuum overcomes molten aluminium’s surface tension, enabling deep
penetration and minimizing voids. After the metal completely penetrates the preform, the
composite cools and solidifies [47-50].

Friction stir process

A new solid-state joining and processing method called friction stir processing (FSP)
improves the microstructure and mechanical characteristics of aluminium metal matrix
Composites (AMCs). FSP generates frictional heat by plunging a specialized spinning tool
with a pin and shoulder into the material. The tool may move over the surface because
localized heat softens the material without melting it. The tool stirs the material, breaking
down and dispersing reinforcing particles in the aluminium matrix. Intense plastic
deformation and mixing refine microstructures, distribute reinforcements
homogeneously, and increase mechanical qualities including strength and fatigue
resistance [51-54].

Stir casting process

In recent years, stir casting has emerged as a prominent method for fabricating aluminium
metal matrix composites (AMCs), owing to its simplicity, cost-effectiveness, and
versatility. This paper aims to provide a comprehensive overview of the stir-casting
process, elucidating its principles, methodologies, advantages, and challenges.
According to the wusual approach, liquid, solid, and semi-solidroutes are the
categories that have been used to classify AMC production techniques [55]. The
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production of AMCs has been accomplished by using methods (Fig. 4) such as powdered
metal metallurgy, liquid manufacturing, squeeze-casting, and spraying deposition,
amongst others, which have been used by a number of researchers [56]. Stir-casting
routes are preferred over other methods of production because of their simplicity and
effectiveness in making AMCs [57]. Melt stirring motion is used in the stir-casting process
to distribute reinforcing components throughout the matrix. S. Ray's early research on
stir-casting of composites mostly included the fabrication of composite material using
aluminium alloy as a matrix material reinforcing alumina particles. AMCs have been
manufactured using a stir-casting amalgamation process [58]. Melting and stirring of
molten material casting is the most efficient and cost-effective of the well-established
methods of producing AMCs [59]. Base alloys are melted into a graphite crucible furnace
and then stirred beyond their melting point as part of the stir-casting technique [60].
Casting the AMCs entails adding warmed particles to a molten slurry, stirring it
continually for a certain amount of time, and then pouring the material into moulds of
choice [61]. The melting of pure aluminium alloy requires heating higher than its liquidus
point [62]. Additionally, it undergoes cooling to an intermediate concentrated slurry and
is stored in a semi-solid state [63].

This is the stage when the preheated particles are combined with the molten
liquid. Once again, the slurry is brought to a condition of perfect liquidity by heating, and
then it is well mixed [64]. To get the right distribution of particles in the castingmould,
AMC s are prepared in a certain way that prevents the solidification of the melt while yet
allowing the suspended ceramic particles to remain in place [65]. The ultimate
distribution of particulates within the solid casting is influenced by various factors related
to material properties and method limitations [66]. These factors include the temperature
at which the material is pre-heated, the rate at which reinforcing material is introduced,
the extent to which the particulates are wetted by the molten material, the presence of
porosity, the speed and duration of stirring, stirrer design, the use of chemical agents for
degassing, and the rate at which solidification occurs along with the preheating
temperature of the mould [67].

Results and Discussions

The purpose of this research is to describe the causes and limitations that impact stir
casting throughout the two-step stirring process [68]. When making AMCs composites,
reinforcement contents of up to 30 % by volume may be made via stir casting [69]. One
primary concern in the stir casting process is the settling of particles during the process
of heating and the process of solidification of the substances in metallic moulds [70]. This
issue has to be resolved with the use of a stir-casting route as shown in Fig. 5.

Reinforcement thermal stabilization temperature and particle injection rate

The particles are subjected to preheating at an optimal temperature in order to
minimize the presence of undesirable gases originating from reinforcements in addition
to the aluminium alloy [71]. Additionally, this preheating process serves to improve the
bonding between the particles, hence enhancing the wetting behaviour of reinforcement
particulates with base materials. Casting composites may be difficult due to the non-
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uniform dispersion of the particles and the resulting poor mechanical characteristics.
Typically, particles are heated between 200 and 500 °C for 30-60 min [72]. The gaseous
moisture in the reinforcement is removed. The optimal reinforcement injection rate plays
a critical role in achieving optimal casting performance for advanced metal castings
(AMCs) since increasing the feeding rate leads to the production of agglomerates of solid
particles. Research conducted by scientists has shown that maintaining a consistent
feeding rate within the range of 8-10 mg/min throughout the length of stirring yields
excellent results [73].
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Fig. 5. Stir casting machine and its components

Void fraction and wetting behavior

Wettability describes the ability of a molten metal to spread and adhere to the surface of
reinforcement particles, promoting uniform distribution and strong interfacial bonding. A
high degree of wettability facilitates the wetting of reinforcement particles by the molten
metal, leading to improved mechanical properties and enhanced homogeneity.
Throughout the stirring process, the contact angle and interfacial surface tension have a
substantial impact on the surface's wettability [74]. A lower contact angle suggests that
the components are more wettable to one another. It is essential to take these aspects
into account in order to produce the best possible wettability between the
components [75]. A drop in mechanical properties might result from a lower wettability.
When making composites using the melt stirring technique, porosity becomes a major
concern [76]. Composites’ mechanical performance degrades as their porosity increases.
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Structure of a stirrer

A mechanical stirrer with blades may be used to create a vortex in a molten liquid, which
allows particles to be added and distributed evenly [77]. For effective mixing, it is
essential to optimize the design of the stirrer blades. To create an efficient vortex and
encourage material homogeneity, mechanical stirrers might have two, three, or even
more blades [78]. It is well-known, however, that composites made via mechanical
stirring processes are best handled by single-step impellers. The formation of a vortex
occurred as a consequence of the stirring process, which facilitated the transfer of
particulate matter into the molten alloys [79]. This led to the creation of a homogenous
dispersion of aluminium matrix composites (AMCs). Consequently, the careful
determination of an appropriate impeller-blade angle is a crucial factor in achieving
favourable axial flow and the angle of 30° has been identified as the most effective in
promoting the wuniform dispersion of particles while minimizing undesired
agglomerations [80]. In some instances, blade angles of 45° and 60° have been seen to
provide a consistent distribution in the manufactured samples [81].

Time and speed of stirring

As a matter of wettability, the speed at which the mixture is stirred is a crucial limiting
factor. Most researchers have found that stirring speeds in the range of 700-800 rpm, at
a cost of about 10 min, yield the most appropriate results [82]. The rotational speeds play
a determining role in the formation of the vortex, leading to the distribution of
particulates inside the reinforcement and matrix material liquid mixture. Enhanced
mechanical characterizations of synthesized materials may be attained by comprehensive
agitation over a suitable duration [83]. Particles’ suitable mixing rate is another difficulty
that is strongly affected by aided factors such as stirrer blade design, stirring speed, and
duration, and so becomes a problem to be optimized [84].

Purge

To remove air bubbles and other inclusions from molten materials, purging or degassing
is performed, and chemicals like tetra-chloro-ethane and sodium hexa-chloro-aluminate
are added to improve wettability [85]. Nevertheless, more investigation is required to
determine the effectiveness of the decontamination action.

Casting temperature

The temperature at which the molten metal is poured has a significant role in the
solidification process. It is crucial to sufficiently increase the pouring temperature to
guarantee that the metal flows smoothly and to prevent the formation of structures with
coarse grains [86]. There is a significant level of responsibility associated with the
excellence of casting. In order to prevent the entrapment of gases, it is essential that the
pouring rate of molten materials remains consistent and homogeneous [87]. The
measurement of the distance between the mould and the crucible is a critical factor that
significantly impacts the quality of the casting process.
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Solidification rate

The process of directional solidification in the context of melting materials of AMCs
serves to decrease the likelihood of wear and tear [88]. The pace at which solidification
occurs is primarily influenced by the degree to which the form and size of the mould are
compatible. Similarly important to casting quality is the mould's proximity to the
crucible [89].

Temperature of mould

Preheating the permanent mould is a great way to avoid porosity, the most detrimental
flaw in AMC casting [90]. Metal moulds provide significant improvements over sand
moulds, and they may be customized to meet the needs of the manufacturer in terms of
thickness (at least 25 mm) as well as overall size and weight [91]. In addition, the use of
metallic moulds would enhance the mechanical characterizations of the cast aluminium
matrix composites (AMCs) [92]. Furthermore, many types of coating materials are used to
enhance the die life of AMCs. Coatings such as silicate and graphite in water may be
applied using spraying them within the moulds [93-96].

Emerging trends

1. Improving the mechanical performance of synthesized AMCs requires overcoming
certain difficulties that arise during the melt stirring process and producing improved
castings.

2. During the stir casting process, ensuring that the reinforcing particles are evenly
dispersed is an important issue that arises. The dispersion of particulates inside
composites is influenced by many factors, including the density of the materials (both
matrix and reinforcement), the size (macro, micro, and nano) of the particulates, the
degree of viscosity of the heated substance, and the right use of the stirring rate and
stirring duration. These factors all contribute to achieving a uniform and homogenous
dispersion.

3. The two-step stir casting technique was shown to provide the most favourable
outcomes when ideal factors such as stirring speed, stirring duration, and federate were
carefully controlled. Additionally, it was advised to use a three pitched-blade stirring
impeller for this procedure.

4. The typical stir casting technique is often used in the industry. However, there are
opportunities for improvement in the design of this process. One such enhancement is
the use of an ultrasonic probe during the stir casting process. This modification may result
in improved wettability and more uniform mixing of particle phases in the molten
mixture.

5. The use of an inert environment in bottom-poured stir-casting has been extensively
investigated by several researchers. This approach uses a setup that incorporates an inert
atmosphere and bottom-pouring additives to prevent the occurrence of unwanted
chemical reactions induced by gases. Additionally, it reduces porosity and improves the
uniformity of particle matter.
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6. Electromagnetic stir casting employs an electromagnetic stirrer as a viable alternative
to conventional liquid stirring in order to mitigate surface flaws often seen in AMCs. In
the context of electromagnetic stir-squeeze casting, the use of an ultrasonic transducer
and bottom pouring connectors enhances the processing capabilities of the composites.
7. Numerous studies have used a range of optimization approaches (analysis of variance
(ANOVA) [97], swarm optimizer (SO), fuzzy logic (FL), finite element method (FEM) [98],
etc.), and others, to effectively manage and optimize the stir-casting process factors. The
objective is to produce optimal outcomes within the given set of variables. The suggested
factors have been offered to improve the mechanical characteristics of AMCs. Further
research is required to investigate this subject in greater depth in the future.

8. Microwave heating has garnered increasing attention as a promising method for the
fabrication of composite materials due to its ability to provide rapid and volumetric heating,
precise temperature control, and energy efficiency. Microwave-assisted composite castings
may also be studied in aerospace, automotive, and manufacturing. Microwave-assisted
processing for industrial AMC and composite material manufacture may be studied for
scalability, cost-effectiveness, and environmental sustainability [99-101].

Sustainability of stir-casting process

When evaluating the sustainability of the stir-casting process for aluminium metal matrix
composites (AMMCs), several key sustainability issues are to be considered [102,103]:

1. Energy consumption. Stir casting typically requires significant energy input for melting
aluminium and maintaining process temperatures. The energy intensity of the process,
especially if traditional fossil fuel-based energy sources are used, can contribute to
greenhouse gas emissions and environmental impact. Implementing energy-efficient
practices and utilizing renewable energy sources can help mitigate these sustainability
concerns.

2. Raw material usage. The sustainability of stir casting is influenced by the choice of raw
materials, particularly aluminium and reinforcement particles. Aluminium extraction and
processing have environmental implications, including energy consumption, resource
depletion, and emissions of greenhouse gases and other pollutants. Sustainable sourcing
practices, recycling of aluminium scrap, and utilization of eco-friendly reinforcement
materials can help reduce the environmental footprint of AMMC production.

3. Waste generation: Stir casting can generate waste in the form of scrap metal, slag, and
other by-products. Proper waste management practices, such as recycling of aluminium
scrap and utilization of waste materials for other applications, can minimize waste
generation and promote circular economy principles. Additionally, efforts to optimize
process parameters and minimize defects can help reduce material losses and waste.

4. Emissions and pollution. The stir casting process may release emissions and pollutants
into the environment, including particulate matter, volatile organic compounds (VOCs),
and greenhouse gases. Controlling and mitigating these emissions through the use of
pollution control technologies, such as exhaust systems and filtration devices, can help
reduce environmental impact and protect air quality.

5. Occupational health and safety: Worker health and safety considerations are integral
to the sustainability of any manufacturing process, including stir casting. Exposure to
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molten metal, fumes, and hazardous chemicals poses risks to workers' health and well-
being. Implementing appropriate safety measures, providing training and personal
protective equipment (PPE), and ensuring compliance with occupational health and safety
regulations are essential for safeguarding worker health and promoting sustainable
practices.

6. Lifecycle assessment: Conducting a comprehensive lifecycle assessment (LCA) of the
stir casting process can provide insights into its overall environmental impact, from raw
material extraction and processing to end-of-life disposal or recycling. By quantifying
environmental indicators such as energy consumption, greenhouse gas emissions, water
usage, and waste generation, LCAs can inform decision-making and identify opportunities
for sustainability improvements.

Conclusions

The fabrication of particulate-based AMCs may be done quickly and cheaply by the stir-
casting approach. Researchers have shown that a homogenous distribution of the
particulate, together with superior wettability and little porosity in the cast AMCs, is
achieved by carefully controlling the parameters that play a vital role in the synthesis
process, which involves adding particles to molten materials. The optimization of stir
casting parameters is essential for achieving high-quality advanced metal matrix
Composites (AMCs). Through careful control of variables such as pre-heating temperature,
injection rate, stirring speed, and impeller-blade angle, significant improvements in
mechanical characteristics can be attained. Key findings include:

1. reheating particles between 200 and 500 °C for 30-60 min enhances wettability and
minimizes undesirable gases;

2. maintaining a consistent injection rate of 8-10 mg/min yields optimal casting
performance;

3. stirring at speeds of 700-800 rpm for approximately 10-40 min facilitates the
formation of a vortex and homogenous dispersion of particles;

4. an impeller-blade angle of 30-60° proves most effective in promoting uniform particle
dispersion;

5. mold thickness should be at least 20-25 mm to avoid porosity;

6. emerging trends such as the use of ultrasonic probes and electromagnetic stir casting
offer promising avenues for further improvement;

7. the sustainability of the stir casting process for AMCs hinges on optimizing energy
usage, minimizing waste generation, and mitigating emissions while ensuring worker
health and safety.
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