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Abstract In this work was prepared a-Al2O3 alloys from laboratory aluminum oxide powder that

was milled for different periods of time and sintered at a temperature of 1450 �C. The difference

between the prepared samples was studied using several experimental measurement techniques,

including X-ray diffraction, scanning electron microscopy and measurement of physical and

mechanical properties. Moreover, the effect of milling time on the formation and sintering of

alpha-alumina, by milling the mixture at different times using high energy crushing technique

was studied. An influence of milling time on density, open spaces and microstructure of the samples

was analyzed. The obtained results showed that longer milling duration led to alloys with higher

hardness (H) and modulus of elasticity (E). This improvement is due to lower porosity and corre-

sponding higher density at high temperatures. A noticeable decrease in the size of the particles with

the increase of the milling time led to an increase in the lattice parameter accompanied by a decrease

in defects and ionic voids. The percentage of pores reached 0.04 % within 24 h of grinding after it

was approximately 0.20 %, while the density reached 96 % after the same highest grinding time.

Tests showed that the value of friction coefficient decreases, while it increases with the increase

in the applied pressure force and this was confirmed by SEM images of the samples. the main factor

to reduce friction is the increase in grinding time, regardless of the value of the applied load. The

results showed that the Al2O3 alloy applied to it with a load of 2 N and milled for 24 h had a min-

imum value of 1.94 mm3 wear volumes and a wear rate of 1.33 (mm3∙N�1∙mm�1). The sample milled

for 24 h showed the best result, characterized by the lowest wear size, specific wear rate and the

highest hardness with extraordinary density of 96 %, which is important in the field of biomaterials

applications.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Many researchers (Nina Zamosteanu Filip, 2022; Marin et al., 2020)

have discussed the issues with friction and wear in knee and hip

replacement prostheses because of how critical they are to the func-

tionality of these types of prostheses. Components for the head and

cup are chosen by taking into account a variety of characteristics,

including biocompatibility, durability against corrosion and durability

against mechanical friction, and wear. Following then, ceramic items

have been successfully employed in total arthroplasty of the hip in Eur-

ope (Ramakrishna et al., 2001; Ghasemi-Mobarakeh et al., 2019). In

comparison to alloys of metal, these kinds of elements offer a variety

of potential advantages. Both research using animals and human trials

in Europe have demonstrated their good biocompatibility (Bhaskar

and Biomaterials, 2021). An extremely strong resistant to scratching

polish can be applied to porcelain. Low friction explanations with out-

standing wear attributes are made possible by that property, which

works in conjunction with the material’s water absorption and durabil-

ity against corrosion. Given that these unprocessed components are

malleable and can be readily acquired because they are abundant, evi-

dence from history demonstrates that man employed clay materials

and clay to form some of the materials he would have required

throughout all phases of his life in the past (Fellah et al., 2019; Li

et al., 2022; Valiev et al., 2020). In contrast, ceramic materials

(González-Ması́s et al., 2021), contrary to substances and organic

materials, have a combination of incredible chemical and physical

attributes that competent them to be employed in the traditional

(Wang et al., 2021). From it, scientific research has recently tended

to search for new vital materials in order to use it in various fields

(Mechanical, 2019). One of the most important of these materials is

bioceramics, which are bioactive industrial materials and are used in

the medical field, as well as in the biological system of the living organ-

ism, as if they are biocompatible with the body and are able to create

links between them and the living tissue (Bouras et al., 2018; Bouras

et al., 2020).
Since elements were being used at the beginning of the 19th century

for various purposes, processes caused by metals were researched. Ani-

mal studies on gold, silver, lead, nickel, and platinum revealed that

platinum had a favorable response (Bouras et al., 2021). Other metals,

such as silver, platinum, lead, and aluminum, caused rapid corrosion,

tissue discolouration, and lacked acceptable physical properties. In

light of their biocompatibility and advantageous mechanical qualities,

CoCrMo alloys, titanium, and the alloys thereof were then suggested

as attractive possibilities for medical uses. The present NC pure tita-

nium (Ti) and its alloys, NC SMAs, NC SS, and NC biodegradable

aluminum alloys including Fe- and Mg-based alloys are all examples

of nanostructured (NC) metallic compounds (Bouras et al., 2021;

Dai et al., 2020; Venkatraman and Choudhary, 2022; Hamisah

Ismail, 2021). The metallic alloys with nanostructures open up fresh

possibilities and ideas for surgical implants, benefiting technology for

medical devices in all its forms. According to data from multiple

research, nanostructured metallic biomaterials exhibit enhanced phys-

ical and mechanical capabilities following NC processing, making

them appealing (Bouras et al., 2021; Dai et al., 2020; Venkatraman

and Choudhary, 2022; Hamisah Ismail, 2021).

Aluminum oxide is one of the most important and most widely

used vital materials in the field of bone replacement in the body

(Singh et al., 2022; Tang and Yuxi, 2015; José Hafid Roque-Ruiz,

2019; Rodriguez Olguin et al., 2022; Li et al., 2019; Kim et al., 2018;

Krause et al., 2020), as it is a bioactive material and has the ability

to form a good adhesion layer that connects it with living tissue, and

this does not have any side effects on the body, unlike mineral materi-

als that are it is corrosive and does not bind with the living medium

(Jalili et al., 2020). Although alumina has strong mechanical properties

when sintering at high temperatures that made it widely used, it has

some shortcomings, and this prompted researchers to find solutions

to improve its mechanical properties more and make it close and more

suitable for use in human bone compounds, and among the most

important of this solution is to introduce some additions to it (El-

Kheshen et al., 2008; Tripathi et al., 2015).

http://creativecommons.org/licenses/by-nc-nd/4.0/
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For several decades, all forms of prostheses, biomaterials and dif-

ferent operating procedures were tried. Nevertheless, these tech-

niques, based more on empirical techniques than rigorous scientific

protocols, usually resulted in unsatisfactory results with, in the

majority of cases, the lifespan of the implants, limited to an average

of 10–20 years, which remains a major problem (Pietrzyk et al.,

2020). This study is dedicated to understanding the mechanisms of

degradation of total hip prostheses (THAs) (Suárez et al., 2021),

which aim to replace the coxo-femoral joint destroyed following a

lesion at the hip level, or an accident such as rupture femoral neck,

etc. The number of PTH poses is increasing under the dual effect

of the aging of the population and the implantation of PTH in

increasingly young patients to limit surgical reoperations, so it is

important to increase the lifespan PTHs (Granchi, 2017; Gallart

et al., 2018), which is the great concern of the science of biomaterials

which aspires to regularly develop new materials that are more resis-

tant, harder, more chemically stable and of better biocompatibility

(Jing et al., April 2022; Rolfson et al., 2016).

Biomaterials currently in use include metals, polymers and ceram-

ics, such as alumina (Fellah et al., 2019; Roualdes et al., 2010). Thanks

to their very good resistance to wear and their good mechanical behav-

ior, ceramics are widely used to manufacture femoral heads and

acetabular cups, they are bioinert and have very good biocompatibil-

ity. One of the most frequent problems after the implantation of a

hip prosthesis is the production of wear debris. This debris disrupts cel-

lular metabolism, ultimately, bone resorption occurs, leading to aseptic

loosening of the prosthesis. Thanks to their hardness, this problem is

less common with ceramics than with other biomaterials such as very

high molecular weight polyethylene (UHMWPE) or metal alloys.

Ceramics are brittle and can fracture when subjected to impact damage

(Anjaneyulu et al., 2019). In this way, it is easier to understand the

degradation mechanisms of materials, which makes it possible to

improve them.

Manufacturing nanomaterials in an easy, affordable, and high-

yield method has been a significant challenge since the inception of

nanoscience. Numerous bottom-up and top-down approaches have

been developed for the commercial production of nanotubes. Widely

employed in the creation of various nanomaterials, nanograins,

nanoalloys, and nanocomposites is high-energy dry ball milling.

Adnan Abu-Surrah & Yahya Al-Degs have also enhanced the physical

grinding of inorganic solid waste into nanosize (1–100 nm) (Abu-

Surrah and Al-Degs, 2022).

The high-energy milling technology is a preparation process for the

production of new materials that causes the powders to break down

and recombine between the particles formed, and this technology even-

tually leads to an atomic mixture between the atoms of the starting ele-

ments as the high energy milling is stabilized in the equilibrium stages,

and is used as a means to activate certain reactions or to form new

phases, due to the energy that is introduced during milling (Abu-

Surrah and Al-Degs, 2022; Fellah et al., 2017).

Milling time is one of the main factors that control the dimensions

and morphology of the final powder. Where the determination of the

optimal crushing time, specific for each compound and variable

according to the crushing conditions, requires follow-up by structural

morphological characterizations and specific milled times (Fellah et al.,

2020). Whether it is for forming alloys, composites or others, it is nec-

essary to go through this experimental process to obtain the desired

compound (Zhang, 2004).

In this work is prepared and develop ceramic materials consisting

mainly of commercial aluminum oxide powder, where these mixtures

was mixed at different times using high energy crushing technology.

One of the most important goals we set for the -Al2O3 alloy in the pre-

sent research is to find out an association between the process of s tem-

perature, microstructure, and frictional behavior. To do this, we

looked at how sintering temperature affected the density, porosity,

Young’s modulus, lattice parameters, microhardness, friction value,

wear volume, and wear rate of the -Al2O3 nanostructured alloys.
2. Investigational study

2.1. Materials

One type of ceramic has been used in this work as a raw mate-
rial based mainly on Al2O3. The latter is a union of the ele-

ments of aluminum and oxygen; its distinctive feature is that
when exposed to air, it does not rust, unlike some materials.
The reason for this is that it reacts with oxygen in the atmo-

sphere. It is supplied by a ceramic company of greater than
99.99 % purity, is white in color and has particle sizes in the
range of 100l m (Fig. 1.a).

The mixturea-Al2O3 is the thermodynamic stable phase of

alumina, which is obtained by calcinations at high tempera-
tures, and crystallizes, in a trigonal system. The elemental lat-
tice also contains thirty atoms, which correspond to six

molecules of alumina. The oxygen atoms are arranged in a
hexagonal compact structure where the aluminum atoms
occupy two thirds of the AlO6 (octahedral) sites, as we can

see in Fig. 1b. The primary lattice is plotted in a system of
rhombic axes with each node, where the base contains two alu-
mina molecules arranged in triangular diamonds arranged
along the C-axis of the corresponding hexagon and the hexag-

onal primary cell dimensions are a0 = b0 = 4.7589 Å, co =
12.951 Å, a = b = 90� et c = 120� (Hezil et al., 2022).

Alumina has high mechanical strength and high tempera-

ture hardness, excellent corrosion resistance, and high chemi-
cal inertness, all of which make alumina a material that is
used in a wide range of fields. Table 1 presents the main

mechanical, physical, thermal, electrical and chemical proper-
ties of alumina (Hezil and Fellah, 2019).

2.2. Sample preparation

Using a high-energy ball mill)Fritsch P7), a quantity of AL2O3

powder was put into 80 ml cylindrical flasks. After adding 8
Agate steel balls with a diameter of 10 mm inside the con-

tainer, the machine runs at a grinding speed of 450 rpm for dif-
ferent grinding times 0, 2, 6, 12, 18 and 24 h, followed by a
cooling period of 40 min. A pressure of 100 MPa is applied

to the powder using the compressor, by placing 1 g of the pow-
der in a cylindrical mold (15 mm). The attained samples were
also exposed to static pressure to gain closed absorbency and

endangered to sintering at temperatures of 1450 �C in a vac-
uum furnace in low pressure 5 � 10-6 Pa at a constant heating
rate and holding time of 15 �C/min and 19 � 103 s,

correspondingly.
During which we obtained cylindrical samples of Al2O3

that differ in the initial size of the powder granules according
to the grinding period. The following diagram illustrates the

steps involved in preparing these samples (Fig. 2).

2.3. Characterization techniques

X-ray diffraction was utilized to analyze the materials’ crystal
arrangement utilizing a (Bruker AXS-D8) diffract meter with
Cu-K radiation (<k > Cu = 0.15406 nm). The routine

locked-coupled scanning parameters were set as follows:
Voltage = 40 kV. Current = 30 mA. Goniometer angle
2h = 15� –45�, Step size = 0.02�, Scan speed = 0.5 s/step,



Fig. 1 (a) a-Al2O3nanopowder and (b) a-Al2O3 crystal structure.
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and Divergence slit = 0.6 mm. The various sections of the

materials were investigated utilizing a scanning electron micro-
scope (JSM-6301F). The surface impurities were removed
using X-ray photoelectron spectroscopy (XPS) through Al

Ka irradiation by energy of 1486.6 eV. Using a Vickers dia-
mond indenter and a force of 2 N, the Zwick ZHV2.5 hardness
testing equipment was used to assess the Young’s modulus and

Vickers hardness. The mean of 10 measurements serves as the
described charge for every illustration. The wear rate was cal-
culated by confocal microscope (profilometer) (Wyko 9300

from Weeco).
3. Results and discussion

3.1. Microstructural Characterization

3.1.1. XRD and SEM of a-Al2O3Initial powder

X-ray diffraction spectrum analysis of a quantity of laboratory
Al2O3 powder is shown in Fig. 3a. The results showed us that

all the lines on the spectrum belong to the aluminum oxide
with phase a and its mineral name is corundum, which corre-
sponds to card No. 00–010-0173 (Hezil and Fellah, 2019). The

peaks of a phases appearing at 25.66�, 35.23� and 37.29�, these
peaks correspond to the (012), (104) and (110) planes,
respectively.

Fig. 3.b shows morphology aspects of the agglomerated
powders obtained from SEM of a-Al2O3 powder. Through
the micrographs it was observed that the powders are formed
by the smallest grains are not evident, giving a minimum par-

ticle size around 100 lm. The grains were comparatively angu-
lar consisting of submicron fragments which appear to have
been welded together, forming larger agglomerates.

3.1.2. XRD of a-Al2O3 samples prepared

The latter shows that the morphological shape of the alumina
powder consists of aggregates of roughly spherical and regular

granules, but these aggregates contain a very large group of
granules that are attached to each other. X-ray diffraction pat-
tern analyzes of alumina samples treated at 1450 �C (Fig. 4)

are performed at different times of milling (2, 6, 12, 18 and
24), where the X-ray diffraction patterns of the organized sam-

ples allow the formation of new phases in the range (2h = 10-
80�).

The diffraction spectra obtained for all samples at high

temperature reveal the presence of a major crystal phase repre-
sented in a-Al2O3, where was observed a decrease in the
strength of the peaks corresponding to this phase and the dis-

appearance of most phases as milling time is increased. The
positions of the peaks, which show strongly when beams of
these rays are shed at various angles on the membrane, were

determined through the study of these curves, allowing them
to overlap advantageously when the Bragg condition is pre-
sent. It was observed that (020), (002), and (110) are the three
prominent tendencies of this phase growth and that they

appear at angles of 14.21, 18.24, and 20.37 (JCPDS 96–100-
0018), respectively.

After 6 and 12 h of grinding, widening of the peaks and a

decrease in their intensity with increasing milling time can be
observed. The disappearance of the peaks corresponding to
the crystal levels (200), (2–20), (2–11), (112), (021), (311),

(022), (312), (023) and (123) were also (2–32), (024),
(314), (324), (6–31), (6–02) and (142) are observed. This
can be attributed to reduced granule size (Arif et al., 2020).

After 18 and 24 h of grinding, almost all the peaks disap-

pear when comparing the diffraction spectra recorded at differ-
ent grinding times, with a gradual decrease in the diffraction
lines of the alumina phase with increasing grinding time, this

is due to the continued formation of the liquid phase as a result
of its melting. The a-Al2O3 phase has completely melted at
these two times and the X-ray diffraction pattern shows a wide

band devoid of diffraction lines. This is due to the formed
amorphous (glassy) phase.

The effect of grinding time at different times was also evi-

dent through the presence of a shift of the XRD peaks towards
the lower angles. It should be noted that this transformation
indicates the expansion and expansion of the crystal lattice,
which can be explained by decreasing the ionic radius of

Al3+ by decreasing the size of the grains and gradually con-
verging them until they disappear and replace them with the
glass phase, an increase in density, a decrease in the sample

size, a decrease in the proportion of pores, stress are all factors
that lead to deformation and defects in the crystal lattice.



Table 1 Some mechanical, physical, thermal, electrical and

chemical properties of alumina (El-Kheshen et al., 2008; Hezil

and Fellah, 2019).

Properties Value Symbol

Volumetric mass (g.cm�3)Molecular weight

(g.mole-1)

3.9

102

q
M

Hardness (Mohs)Young’s modulus

(GPa)

Poisson’s ratioBending strength

(MPa)Clinging

(Mpa.m1/2)

9

300–

400

0.25

380

2–3

-

E

m
rf

K1C

Dielectric constant

Electrical resistance at 20 �C (Ohm.cm)

Electrical insulation resistance

(kV/mm)

9–10

>1014

10–20

er
r
-

Specific heat (J/K/kg)Heat conduction (W/m/K)

at 500 �CLinear dilation
(10 � 6) from 20 to 1000 �C

900

10–15

8–9

CP

k
a
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3.1.3. Structural parameters

From the XRD patterns, the mesh parameter, fine stress and
average grain size can be calculated. In Fig. 5a, the variance
in the mean crystal size (D) and microstrains of the alpha-

alumina sample is shown as a function of the sintered milling
time at 1450 �C. Where a decrease in crystal size was observed
accompanied by an increase in macrostrains, during which the

average grain size reached 23.22 nm after it was 44.85 nm
(Fig. 5a).

The d-spacing, or separation amongst crystallographic
planes, serves as a strain gauge in the X Ray Diffraction

method. Only crystalline, polycrystalline, and semi-crystalline
materials can be used with this technique. The d-spacing
changes depending on whether the material is under tension

or compression; it increases when the material is in tension.
The x-ray diffraction peak angular position shift caused by
residual stresses in the material is directly monitored by the

detector (Belassel, 2012).
-Al2O3 s

Putting alumina powder in

Milling at 450 rp

durations: 1

Rated pressu

Cylindrical samles wit

Treatment at 1450°C, 15

Fig. 2 The method used in the pr
The lattice factor of the a-Al2O3 arrangement is (a = 4.7
6 Å and c = 12.95 Å). At the temperature of 1450 �C alumina
has a tendency to display higher lattice factors in line for the

presence of defects and impurities, whose values were obtained
from the Braggs relationship (Bouras et al., 2020):

nk ¼ 2dsin½03B8� ð1Þ
where n and k are an integer and the wavelength of the inci-

dent wave correspondingly.
These weaknesses are announced through sample training

and vary conferring to the technique and mixtures used.

Among them, we mention the severe deformation of plastics
and plastics during high grinding times, which leads to an
increase in the intensity of dislocations and disturbances

(Fig. 5b).
The literature indicates that the network parameter and

particle size are directly related, indicating that as the particle
size decreases, this leads to a corresponding increase in the net-

work parameter. And this was confirmed by the experimental
technique used here, where the particle size decreases with the
increase of the milling time, accompanied by a continuation of

the increase of the lattice parameter clearly (Zhang, 2004). The
results also show that since the lattice modulus, annealing tem-
perature range and grinding time are equivalent, the lattice

parameter increases as a function of grinding time and thus
defects such as ionic voids decrease. This strongly indicates
that the surface tension plays a major role in determining the
network parameter (Mohammed et al., 2020).

3.1.4. Grain size and distribution

Fig. 6 displays the PSD of the unmilled and milled samples at

the speed of 450 rpm with milling times of 24 h. The PSD of
the unmilled sample is trimodal and expected consequences
from accumulation of sub-micron (100 lm) particles caused
by high heats in the flame synthesis of aluminum dioxide

(Fellah et al., 2019). During the first 2 h of PSD milling, the
trimodal decreases to bimodal and then significantly to mono-
modal which is observed after 6 h. The initial drop in PSD can

be credited to the deagglomeration of weakly interacting par-
ticle clusters, with the initial particle size decreasing
by � 60 mm. With more grinding hours, the amonomodal par-
amples

to the automatic pulverizer

m, for different

-24 hours

re 100 MPA

h a diameter of 15 mm

°C.min-1 and 19x103 s

Agate

pellets

eparation of a-Al2O3 samples.
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Fig. 6 Particle size distribution (PSD) graphs of milled alumina a- Al2O3 as function of milling times (hours).
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ticle size distribution outcomes in both de-agglomeration and
particle fracturing, and at 24 h the PSD particle size reaches

approximately 10 nm (Thembinkosi Donald Malevu, 2015;
Ramasamy et al., 2020).

3.2. Mechanical characterization

3.2.1. Porosity and relative density measurements

The mean pore size (MPS) of a-Al2O3 alloys at various grind-
ing times is shown in Fig. 7.a,b. According to MPS, at 1450 �C
sintering temperature, the pore size of the powders reduced

and the density increased with increasing grinding time. This
decrease in particle size proves that samples sintered at high
temperatures reduce the proportion of pores and are more uni-
form. The percentage of pores reached 0.04 % within 24 h of
grinding after it was approximately 0.20 %, while the density
reached 96 % after the same highest grinding time.

As the calcification neck grows with rising temperature and
the open pores eventually close to form closed pores during the
sintering process of metal powders, these outcomes can be

explained by accelerating the atom’s rapid diffusion speed
(Kadirgama et al., 2017).

Additionally, because of the lower particle size and higher

interface energy, sintering neck formation is made easier.
Thus, it may be concluded that the pore size distribution is
strongly impacted by the development of a calcified neck.

The a-Al2O3 sample sintered at 1450 �C after 24 h of grind-

ing displayed anactualextraordinary density of 96%, which
gives it potential and efficacy in orthopaedic applications
(Fellah et al., 2019).
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3.2.2. Hardness measurements

The ‘‘Zwick ZHV 2.500 hardening test instrument was used to

determine microscopic hardness for the mechanical posses-
sions of the double pillars using the Vickers hardware exami-
nation. The test procedure entails placing ceramic sample

pieces at a distance from each other, separated by diamonds
in the shape of a pyramid with a square base and a 136-
degree angle between the opposing faces. The area of the slope
surface is measured after the indiscriminate distance. Vickers
stiffness is calculated by dividing the value of the load by the

square area of the height distance per millimeter. The load
was applied to one sample in four different areas of the sample
shells in order to compute the average area of the slope shal-

lowafterward the indiscriminate distance (Wang et al., 2012).
After annealing of the samples, Fig. 8 displays the modifica-
tion in microscopic hardness in relations of grinding time

change on the samples preserved at 1450 �C. The values of
microscopic hardness increase with the increasing grinding
time, which is extra pronounced at the time of 24 h. This is

explained by the size of the particles, which decreases the more
we double the crushing process, and also to the superiority of
the stages resulting from the heat treatment of the compound
a-Al2O3, which has good mechanical properties by reducing

the proportion of pores. Thus, reducing the size of the
nanoparticles and the sintering process and then glazing are
factors contribute to the emergence of more solid crystal

phases that help the cohesion of the grains and thus give a den-
ser and more consistent microstructure (Abu-Surrah and Al-
Degs, 2022; Zhang, 2004; Hezil et al., 2022; FatemehMirjalili

and Abdullah, 2011).

3.2.3. Young’s modulus measurements

Among the mechanical properties is also the linear modulus of

elasticity (Young’s modulus), which expresses the elasticity of
the material and shows how the material behaves under the
influence of forces and it is a linear relationship

(FatemehMirjalili and Abdullah, 2011). The constants are
obtained from laboratory experiments, and that was clarified
in Fig. 9 from the variance with different crushing times. From
the latter, we notice that the value of the modulus of elasticity

increases with the increase in the grinding time.
To describe the mechanical behavior and wear resistance of

the alloys, different ratios between the modulus of hardness

and elasticity were used. Fig. 10 showed a behavior similar
to that of hardness, as its value increases with the increase in
milling time. The highest ratios of H/E and H3/E2 were esti-

mated to be 0.8115 GPa and 0.63 GPa after milling time of
24 h, respectively. While their values before grinding were



0.50

0.55

0.60

0.65

0.70

0.75

0.80

0.85

-2 0 2 4 6 8 10 12 14 16 18 20 22 24

0.50

0.52

0.54

0.56

0.58

0.60

0.62

0.64

0.66

Milling times, (hours)

H
/E

H3/E2

H
3 /E

2 (G
Pa

)

H/E

Fig. 10 H/E and H3/E2 ratio’s of a-Al2O3samples as a function of milling times.

0

10

20

30

40

W
ea

rV
ol

um
e,

 (.
10

7 μ
m

3 )

 2 N ;  8 N ;  16 Na)

Investigating the effect of milling time on structural, mechanical and tribological properties of a nanostructured hiped alpha alumina for biomaterial applications 9
around 0.53 GPa (H/E) and 0.52 GPa (H3/E2). These factors
lead to a high resistance to fracture and excellent elastic defor-
mations, which are properties that promote better resistance to

abrasion and thus an improvement in the mechanical proper-
ties of the samples with the largest milling time (24 h).

This can be attributed to the increase in the density by

reducing the size of the alumina particles, which leads to an
increase in the strength of the samples and is less prone to frac-
ture.Also, having high flexibility means maintaining its shape

regardless of the external forces applied to it and this is what
is known as a rigid body, in which deformations are neglected
Fig. 10.

This serves us in the medical field, because the greater the

bone density, the greater the bone mass, and thus the less
prone to fracture and exposure to osteoporosis, which is clo-
sely associated with the bone tissue that represents the solid
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part of the bones that in turn form the internal structural sup-
port for the body of the organism Neighborhood. These fac-

tors enhance the mechanical properties of the sintered
samples and thus increase the wear resistance which is accom-
panied by reduced surface porosity and improved tribological

performance (Zhang, 2004).
3.3. Tribological description

3.3.1. Evolution of friction measurement

The sintered and compacted illustrations were refined to a shal-

low roughness of approximately 6 nm (Zhang, January 2004),
and then tribological investigates were agreed with utilizing
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ball-on-disc formation in humid conditions and body fluid sim-

ulation using Ringer’s solution with a constant linear velocity
of 10 mm.s�1 at various normal loads of 2, 8, and 16 N, corre-
spondingly. Using alumina (Al2O3) balls of 6 mm in diameter

with a sliding distance of 200 m, the wear rate was designed
as anoccupation of the damaged volume and the milling time
measured by an interference confocal microscope.
Depending on the mechanical properties in Fig. 11, it is
noted that the coefficient of friction decreases with increasing
grinding time, while its value increases with the increase in

the applied compressive force. Tests showed that there are fluc-
tuations in the development of the coefficient of friction, as
after 20 h the coefficient of friction reached 0.12 after it was

0.19 under an applied pressure of 2 N. In the same period, after
applying pressure of 8 and 16 N, the coefficient of friction
increased to 0.25 and 0.28, respectively. This is attributed to

the effect of thermal softening / stress on the alumina samples.
It can also be explained by the separation of surface materials
that are annealed under high pressure, which leads to increased
corrosion. Thus, it can be said that the main factor to reduce

friction is the increase in grinding time, regardless of the value
of the applied load (Musil et al., 2002; Oliver and Pharr, 1992).

3.3.2. Evolution of volume and wear rate

To confirm the previous results, measurements of the erosion
volumes were carried out by means of two-dimensional scans
of the erosion paths using optical measurement. Fig. (12.a

and b) shows the evolution of the corrosion rate and wear size
of the a -Al2O3 samples sintered at 1450 �C with different
grinding times. The same behavior was observed for both the

volumes and rate of wear, as the alloys decrease with increas-
ing grinding time (0–24 h) while they increase with increasing
load (2, 8 and 16 N). The results showed that the Al2O3 alloy

applied to it with a load of 2 N and milled for 24 h had a min-
imum value of 1.94 mm3 wear volumes (Fig. 12.a) and a wear
rate of 1.33 (mm3.N�1.mm�1) (Fig. 12.b) after they were

17.70 mm3 and 6.47 (mm3.N�1.mm�1), respectively. To confirm
and know the effect of the force applied on the surface of the
best sample obtained during grinding for 24 h, it was analyzed
with the help of SEM analysis, where the images (Figs. 13 and

14) show that the greater the applied force (2, 4 and 6 N), the
more fragile the surface becomes and more susceptible to deb-
ris. This gave a more deformed surface, which resulted in the

emergence of cracks with depth and the increase in the impact
of corrosion and debris and its spread along the surface of the
sample (Zhang, 2004). The milling time used in this work

resulted in a reduced grain size, which in turn allowed enhanc-
ing its mechanical properties. These features enable it to be
effective in reducing the release of metal ions and reduce the
formation of debris without having a negative role in the body,

thus making it suitable and important in the field of
biomaterials.

3.3.3. SEM morphology of a-Al2O3 samples

The microstructure is important in knowing the mechanism,
by which the sintering process was carried out for different
milling times, as well as the corrosion mechanism of the sur-

face and how the effects of slips are distributed on it. As shown
in Fig. 13. The five-studied milling times applied to 200 m of
slip showed a difference in the result, where significant damage

was observed in the samples that were milled at 2, 6 and 12 h
with the formation of cracks on the corrosion path spaced
apart due to the wide formation of slip bars.

There is also a depth (in length and width) caused by slip-
ping, which caused a large deformation in the surface of the
samples and the appearance of pores in a disparate way along

the sample, which could be attributed to the presence of inter-
stitial voids that permeate the grains, which greatly con-



Fig. 18 EDS spectrum of a-Al2O3 sample sintered at 1450 �C.
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tributed to the expansion of the erosion towards the depth

(Fellah et al., 2017).
This decreased significantly with the increase of the milling

time for both samples, 18 and 24 h, in the presence of the slip

lines very close to each other and the absence of drilling depth,
to form the wear-resistant glass phase, which is highly resistant
to mechanical attack and more solid, and this was confirmed

previously by the coefficient of friction (Zhang, 2004). The
images also show the presence of minute debris left over the
cracks resulting from the erosion process.

3.4. Optical analysis

All alumina alloys made with various milling times were inves-
tigated for absorption studies in the wavelength range (200–––

900 nm) (0, 2, 6, 8, 12, 18 and 24 h). Fig. 15, which depicts the
absorbance relationship as a function of wavelength, demon-
strates that for all doped alloys, the absorbance rises as the

wavelength increases.
Its values show that it is the lowest possible in a region, and

the absorbance principles create to increase progressively with

increasing wavelength values in the infrared district of the
spectrum within the range 200–400 nm and the visible region
400–700 nm, after which its value almost stabilizes in the
700-infrared region �900 nm. Alumina has a very weak

absorption, but it increases with increasing milling times, since
there is an upsurge in the captivation of observable light
energy, which resembles to an intensification in the number

of electronic transitions between the transmission band and
the valence band.

To identify the energy gap values of the samples, it was cal-

culated using Tauc’s equation, which is presented in Fig. 16.
The organized samples are utilized the next association
(Musil et al., 2002; Oliver and Pharr, 1992; Dammak et al.,

2012; Fellah et al., 2019; Bouras et al., 2023; Fellah et al.,
2014):

ahm ¼ A � hm� Eg

� �1=2 ð2Þ
With A: constant, Eg: optical gap, hm: photon energy.
The plot provides a non-straight line in the photon energy

band, indicating that the alumina samples have an indirect
electronic transmission with a bandgap of 2.94 eV, 2.90 eV,

2.85 eV, 2.71 eV, 2.65 eV and 2.49 eV that corresponds to a
milling time of 0, 2, 6, 12, 18 and 24 h, respectively.

This suggests that the visible wavelengths can be absorbed

by the white alumina combination. As a result, it can be sug-
gested as a photocatalyst when exposed to visible light.

3.5. X-ray photoelectron spectroscopy (XPS)

In order to inspect elements extant and their chemical formal
in the as synthesized a-Al2O3 sample, the X-ray photoelectron
spectroscopy (XPS) measurement was carried out. Fig. 17

from the survey scan shows that, other from C-1 s signals,
there are no impurity elements on the sample’s surface. These
signals (C 1 s) were expected as synthesis was carried out in an

open environment and the model was also uncovered to air
before the measurements. Analysis showed that the high deter-
mination core level scans for O-1 s and Al-2 s.

The chemical compositions of a-Al2O3 confirmed by EDS
spectra and shown in Fig. 17 with reference peak at 0 Kev and
the results obtained by XPS spectra were confirmed. Spectrum

study reveals the presence of aluminium and oxygen elements
with 30.71%, 56.86% and 12.43% atomic weight percentages
without impurities and shows that only Al, O and C are pre-
sent in the sample corresponding to their binding energies

(see Fig. 18.).

4. Conclusions

Alumina alloys are required for many biomedical applications and the

most common among them is a-Al2O3. In this study, samples were fab-

ricated using different milling times by high-energy mechanical grind-

ing. X-ray diffraction and scanning electron microscopy showed the

crystal structure with determination of the phases and surface mor-

phology of samples prepared with different milling times 2, 6, 12, 18

and 24 h.

To describe the generated samples and determine the impact of

grinding time on the structural and mechanical properties, hardness

tests were carried out. It was perceived that samples sintered at

1450 �C and milled for 24 h had the smallest crystalline size and pores,

with increased comparative concentration and automated possessions.

Tribological examinations were carried out at variable normal masses
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to describe the wear and friction behavior and exposed that the sample

with the same previous behavior obtainable the final friction coefficient

and wear frequency.
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