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Abstract

In order to synthesize alumina-titanium diboride nanocomposite powder, a mixture of titanium oxide, boron oxide, and alumi-
num powders was subjected to high-energy ball milling. The structural evaluation and the phase transformation of powder
particles after different milling times were studied by X-ray diffractometry (XRD) and scanning electron microscopy (SEM).
The results showed that only after 2 h of milling the Al/TiO/B,05 reacted with a self-sustaining mode and an alumina-titanium
diboride nanocomposite powder was formed. As far as we know, the fabrication of Al,O3-TiB, composite powder using a
mechanochemical processing Al, TiO, and boron oxide as starting materials has not yet been studied, and also, milling was
carried out for very long times to synthesize this powder. When similar studies on the subject are examined, in our study, TiO is
used instead of TiO, as a titanium source, in synthesizing Al,O5-TiB, in situ nanocomposite powder. The critical benefit is that
the replacement of elementary reagents by compounds usually leads to the formation of a structure with finer particles and
requires a shorter milling time for the powder synthesis. In the final stage of milling, the crystallite size of alumina and titanium
diboride was calculated to be less than 20 nm. The minimum particle size obtained in the particle size analysis was calculated as
0.0157 um (15.7 nm). In FT-IR analyses, the peaks of Al-O bonds were between 409.16 and 673.91 cm™ ' and that of Ti-B bonds
were 739.03 and 740.45. It was determined to have 1017.9 and 1025.01 cm ' peak values. The results showed that increasing the
milling time up to 4 h has no significant effect other than reducing the crystallite size.
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Introduction It has been reported that Al,O5 reinforced by tough second-

ary phases such as TiC, TiN, TiB,, ZrO,, and SiC has better

Aluminum oxide (Al,O3) ceramics are among the most im-
portant ceramic materials used in electricity, optics, structural
and biomedical applications due to their high melting point
and abrasive resistance, perfect electrical insulation, low cost,
and high chemical stability characteristics [1, 2].

However, the use of alumina-based ceramics by them-
selves is limited because of their low fracture toughness, low
thermal shock resistance, and weak permeability. In order to
improve these characteristics, alumina-based ceramics have
been made into composites through the use of TiC, TiN,
TiB,, ZrO,, SiC, etc. compounds as second phase [1].
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hardness and mechanical characteristics compared with
monolithic alumina [1-5]. Another probable mechanism to
improve the mechanical properties of alumina-based ceramic
matrix composites is reducing them to the nano-size [6].
TiB, has properties such as high abrasion strength, high
strength, fracture toughness, high hardness, and good perme-
ability. In addition, it also has chemical stability with its high
abrasion strength and prefect thermal stability up to 1700°C
[7]. Even though titanium diboride is preferred in many fields
of industry due to its high hardness, its high density and dif-
ficulty in shaping reduce its workability. Hence, it is generally
preferred to use TiB, as a composite instead of by itself.
Al,05-TiB, composite has stood out due to its various fea-
tures such as high modulus of elasticity, abrasion resistance,
and toughness in addition to its electrical properties. Al,Os-
TiB, composite has attracted attention with its potential areas
of use in the production of cutting tools, refractory materials,
manufacturing of military armor, as well as its use in
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applications that require corrosion and abrasion strength. It
has been synthesized through methods such as hot pressing,
pressureless sintering, pressureless metal infiltration
(PRRIMX), direct metal oxidation method (DIMOX), self-
propagating high temperature synthesis (SHS), and mechano-
chemical methods [6, 8—13]. All of these techniques cause
heterogeneous microstructure which is important disadvan-
tage. Additionally, the consolidation of the materials into a
dense and high-strength body is difficult because of the strong
covalent bonds and low self-diffusion coefficient of the con-
stituent elements [14]. Mechanochemical synthesis is a solid-
state reaction that is generally carried out without resorting to
homogeneously distributed thermal or chemical procedures.
The undesired reactions that develop due to melting and het-
erogeneity problems encountered during the classical alloying
procedures can be eliminated by way of mechanochemical
synthesis method.

Thereby, what can obtain synthesis material with a fine
and homogenous structure in which one phase homoge-
neously dispersed in the other. The fact that it is low cost
and has a wide range of application areas renders it advan-
tageous [15]. It has been reported that it is quite efficient
for chemical reactions induced via mechanochemical syn-
thesis that can also be expressed as high-energy ball mill-
ing as well as for the production of materials such as nano-
composites [7]. Common reaction systems for preparing
Al,03-TiB, composites are Al-TiO,-B, Al-TiO,-H3BO3,
Al-B,05-Ti, Al,03-Ti-B, and Al-TiO,-B,0;3 [1, 13]. The
present work focuses on room temperature preparation
Al,05-TiB, nanocomposite powder using TiO instead of
Ti0O, a novel approach of combining aluminum (Al), boron
oxide (B,03), and titanium oxide (TiO) as precursors.
Also, in similar studies previously, Al,O3;-TiB, nanocom-
posite powder was synthesized after 20, 30, 40, and 60 h of
milling [16—19]. In this research, the possibility of mecha-
nochemical synthesis of Al,O;—TiB, nanocomposite pow-
der during short milling times. So, the low temperature and
short milling times of the process has to be highlighted in
this study. Thereby increasing the interest in this method
enables low-cost material production when the
performance-unit price is considered and ensures that the
technique study in various other research subjects.

Materials and methods

Titanium oxide (TiO) (44 um, 99.99% purity) and boron ox-
ide (B,03) (77 um, 99.99% purity) and aluminum (Al) (40
pum, 99.99% purity) were used for composite synthesis. First,
the mineralogical characterization of the materials was per-
formed via X-ray diffraction analysis, whereas scanning elec-
tron microscope (SEM) was used for microstructure charac-
terization prior to the experimental studies. Figure 1 presents
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the X-ray diffraction analysis results for the Al, B>O3, and TiO
powders, whereas Fig. 2 shows the secondary electron images
acquired from the initial powder surfaces via scanning elec-
tron microscope (SEM). As is shown in the SEM micro-
graphs, titanium oxide (TiO) displays a tendency for agglom-
eration. Aluminum (Al) has an irregular structure, while boron
oxide (B,05) has an angular structure.

The starting materials were prepared with the lead of the
main reaction provided below in order to obtain the Al,O; and
TiB, ceramic phase structure via mechanochemical synthesis.
The weighing and milling for the starting powder mixtures
were carried out in argon gas environment to provide an inert
atmosphere. After filling the vial with powder and balls under
argon atmosphere, milling was carried out in Retsch PM 200
planetary mill. Table 1 shows the milling parameters selected
for the mechanochemical process.

XRD and FTIR (Bruker/Alpha) analyses were conduct-
ed in order to determine the impacts of the starting mate-
rials, synthesis of final products after mechanochemical
procedure, and the reaction onset and formation with re-
gard to synthesis. Panalytical, empyrean brand X-ray dif-
fractometer device (Cu K, radiation and Ni filter) was
used, and the process was carried out under CuK,, radiation
at a rate of 2°/min. Scans were performed between 10°< 20
< 80°. The diffraction patterns obtained were compared
with the standards determined by the “Joint Committee
on Powder Diffraction and Standards (JCPDS)”. The
Scherrer formula was employed to estimate the crystallite
size (dxrp) from the strongest XRD reflection [20, 21].
Particle size analyses for the synthesis powders ground at
different durations were performed using a Marvern brand
Mastersizer. Pure water was used as dispersant during the
measurements. Time-dependent surface area (BET- Nova
Quantachrome) and mean particle size assessment were
carried out during the experimental studies for the powders
ground in the planetary mill. The analyses were performed
in a 77 K medium with nitrogen adsorption. Scanning elec-
tron microscope (SEM- FEI Nova NanoSEM 650) studies
were conducted in order to determine the morphological
distribution of the powder mixtures obtained at the end of
synthesis and especially the size distributions of the pow-
ders with a tendency for agglomeration.

Results and discussion
Phase evolution and reaction mechanism

As is stated in the relevant literature, it was predicted that the
reactions between the starting powders will take place in 3
steps during milling. In the first step, 3-Al,O3 and free boron
element were formed following the reaction between 3B,0;
and 6Al; in the second step, x-Al,O5 and free Ti were formed
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Fig. 1 XRD patterns of titanium Al
oxide (TiO), boron oxide (B,03),
and aluminum (Al) powders
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following the reduction of 3TiO by 2Al. It is considered the
TiB, phase will form due to the reaction between elemental Ti
and B. The thermodynamic evaluation of the reactions is pro-
vided below.

Reaction Thermodynamic data
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According to thermodynamic parameters [22], the above
reaction displays a high tendency towards being an exother-
mic reaction. The negative value of AG®,9g suggests that re-
action can thermodynamically take place at room temperature.
This reaction is expected to continue as SHS [10]. According
to literature [14], during the in situ formation of the Al,Os-
TiB, composite, firstly alumina occurs due to the occurrence
of thermite reactions, and the TiB, will occur, and the temper-
ature rises to above 2300 °C.

It was observed when the XRD pattern for 1 h milling
procedure was examined that the intensities of the peaks of
B,0O5 were lower compared with Al and TiO (Fig. 3). In ad-
dition, it was also observed that the «-Al,O3 and TiB, phase
formations took place but that the transformations were not
fully completed. Compared to the literature in which TiB,
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Fig. 2 SEM image of (a) Al, (b)
B,0;, and (c¢) TiO powders

cannot form during the long-term milling processes of Al,
B,03, and different TiB, precursors.

In the present work, after a 1-h milling (BPR: 20/1 and
rotational speed of vial: 600 rpm), the peaks of TiB,
(JCPDS:98-004-4596) were appeared indicating the initiation
of the reaction (Fig. 3). This is attributed to small-sized parti-
cles of the starting materials, the high speed of the milling
rotation, and the high ratio of the balls to powder [23].
While the peaks for the B,O; phase disappeared completely
after the milling time was increased to 1.5 h, the intensities of
the peaks for titanium oxide and aluminum were observed to
decrease after 1.5 h of milling. Instead, two new broad peaks
at about 43-45° were revealed which belong to x-Al,O;
(JCPDS:98-005-2647) and TiB, (JCPDS:98-004-4596)
phases.

The reaction was completed in 2 h and no other peaks were
observed other than those for «-Al,O5; and TiB, phases.
According to the XRD pattern of powders milled for 2 h, the
peaks of the starting material phases have been decreased and the

Table 1 Parameters of mechanochemical synthesis
Rotation speed of vial (rpm) 600
Milling time (h) 1,15,2,25,3,35,4
Vial and ball material Stainless steel
Capacity of vial (ml) 125
Diameter (mm) and number of balls 10-2
15-3
20-12
Powder/ball ratio 20:1
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peaks of Al,O5 and TiB, have remained. It can be said that the
interfacial area of Al in contact with TiO and B,Oj5 increases as
the milling time increases; hence the yield of the reactions in-
creases as well [23]. Milling conditions justify this conspicuous
variation. Increased milling energy, obtained by higher ball-to-
powder weight ratio (BPR) and increased rotation speed, intro-
duces more strain and expansion of the powder’s defect concen-
tration, thereby causing more readily amorphization [13].

While a partial decrease was observed in the peak intensi-
ties for x-Al,O3 and TiB, after 2.5 h of milling, the TiB, peak
intensity was observed to increase, and the peaks correspond-
ing to Al,O; were observed to decrease after 3 h of milling.
Phase change was not observed in the patterns following 3.5
and 4 h of milling, with no structural changes observed except
the broadening of the peaks following a decrease observed in
the synthesis powders’ crystallite size. The weakening of
XRD peaks with increasing milling time beyond 2 h can be
due to the crystalline phases’ amorphization.

In a crystalline powder sample, when the crystallites’ size
becomes smaller than 0.005 pm (5 nm), the measured diffrac-
tion peak profile deviates from the same sample with its stan-
dard size of 0.5-10 um in diameter. The uniform distribution
of crystallites in all directions in a sample is also necessary for
sufficiently reliable results for the diffraction peak profile.
However, when the diameter of crystallites in a sample is less
than 0.1 um, the measured diffraction profiles “peak broaden-
ing” occurs. The reason for this is that the atomic plane’s
periodic region is limited, producing the same diffraction peak
profile. Peak broadening can also occur by plastic deformation
of the sample. This irregular deformation can be initiated by
mechanical milling of the sample [24].
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Fig. 3 XRD patterns of the
AL O;-TiB, powders after
different milling times
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As can be seen in Fig. 4, the main shift of these peaks
and “peak broadening” is observed up to 1.5 h of intensive
milling, which demonstrates the entrance of the starting
materials in the lattice structures of alumina and TiB, that
will also lead to the elimination of the starting materials
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peaks in the XRD patterns. By further increasing the mill-
ing time to 4 h, does not have any significant effect except
a peak broadening and weakening of peaks can be seen. In
fact, from the thermodynamic point of view, the system
tends to reduce its internal energy.
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These broad peaks indicate that new phases consist of a
mixture of nano-metric and amorphous structures [21].
Also, the broadening and weakening of peaks are caused
by the crystallite size reduction. Because of high back-
ground and very wide peaks, calculation of crystallite size
by Williamson-Hall method is not possible [14]. In order to
calculate the crystallite size in the synthesized composite
powders, the Scherrer equation was used [21]. The peaks
of maximum intensity were analyzed to determine the for-
mation of new phases and the volume fraction.

LK
"~ [cosd

Here, D represents the mean crystallite size, K is the
Scherrer constant (0.9), A is the X-ray wavelength
(0.15406 nm), and 3 denotes the half peak width (radian)
of the peak with maximum intensity, whereas 0 is the XRD
diffraction angle of the peak with maximum intensity. The
determined amounts of average crystallite size for Al,
B,0s3, and TiO are 46.80, 9.12, and 25.13 nm, respectively.
A continuous decrease was observed in the crystallite size
of the samples subject to 1-4-h milling of Al,03-TiB,
nanocomposite powder. Al,O3-TiB, nanocomposite syn-
thesized in short milling times results from the varying
milling conditions. The calculated crystalline domain av-
erage size was 18.88 nm at a special peak of 35.14° (d104)
for the «-Al,O5 and 16.50 nm at a special peak of 34.13°
(d101) for the TiB,. The mechanical deformation on the
powder subject to increasing duration of milling at high
speeds leads to a decrease in the crystal size while also
resulting in a formation that approaches an amorphous
structure due to crystalline errors. The structure that be-
comes stable due to the small particle size (high surface
energy) and the formation of fractured surfaces creates a
driving force for reactions.

Surface chemistry analysis

FT-IR analysis result for the powder subject to 2—3-h milling
can be seen in Fig. 5. It was concluded following the FT-IR
analysis evaluations for the powders subject to 2—3-h milling

and heat treatment that peaks with wavelengths varying be-
tween 409.16 and 673.91 cm ™" which have formed due to the
vibration movements of Al-O bonds [25-27].

It was determined that Ti-B bonds’ peaks generally have
values of 739.03; 740.45; 1017.9, and 1025.01 cm ', the
values obtained from the analysis results are in accordance
with the values indicated in literature [1, 28, 29].

Surface morphology analysis

Scanning electron microscope (SEM) was used to identify the
morphological changes that take place subject to the milling
times of the starting powder mixtures used in mechanochem-
ical milling. SEM images were taken for the samples milled
for 1 h up to 4 h. Figure 6 shows the microstructures of the
composite powders synthesized via milling for 1-4 h. Based
on the SEM image for the powder sample subject to milling
for 1 h, it can be observed that the powders have adhered to
each other and agglomerated (Fig. 6a). In this sample, while
the ductile Al powder flattened with the impact of high speed
milling environment, the B,O5 and TiO powders in the brittle
structure were crumbled to pieces.

It can be stated that 1-h milled powders are more angular
and also agglomerated (Fig. 6b). In general, a microstructure
with a homogeneous powder size distribution could not be
observed after milling for up to 1.5 h. It can be said that
majority of the 2 h milled powders have a homogeneous size
distribution (Fig. 6¢). It can be put forth based on the SEM
image that the particle sizes have reached nanometer values
after obtaining Al,O5-TiB, (brittle-brittle) ceramic phase
structure. It was observed when the SEM micrograph of the
synthesis powders after 2.5 h milling was observed that hard
agglomerates developed with increasing mean particle size
(Fig. 6d) in addition to a particle size distribution with a wide
range. The decrease in particle size attracted attention after
2.5 h milling. The particles started to become homogeneous
transforming into more rounded spherical structures with in-
creasing mechanical alloying time (Fig. 6e). As can be seen in
Fig. 6 f and g, while the decrease in mean particle size of the
powders continued for increasing milling times after 3 h, pow-
der clusters that appear as a single particle structure

Fig.5 (a)2 hand (b) 3 h FT-IR
spectra of samples after milling
for2-3 h [

O
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Fig. 6 (a—g) SEM images at
x10,000 magnification of ALO5/
TiB, powders milling for 1, 1.5,
2,2.5,3,3.5,and 4 h, respectively

comprising nanometer-sized particles were observed which
act as a driving force for sintering processes.

The number of non-bonded atoms on the surfaces increases
due to the formation of powders with brittle surfaces along
with the increasing milling time in the mechanochemical pro-
cess. This leads to the agglomeration of powders with high
surface energy leading to the formation of large, porous, and
irregular powder clusters [1]. SEM image and corresponding
EDS mapping analysis of the composite powders are given in
Figs. 7 and 8. According to these figures, which indicate spec-
trum of Al,O5-TiB, composite powder with peaks of alumi-
num and titanium and also, this figure shows elemental distri-
bution that confirms the presence of boron, aluminum, and
titanium. The presence of the Fe peaks was caused by increas-
ing the amount of Fe as contamination during milling.

e
10 pm

Particle size analysis results

The variation in average particle size depending on time is
given in Fig. 9. It was observed when the mean particle sizes
of the starting powders were compared after 1-4 h mechano-
chemical milling procedures that there was a linear decrease in
the mean particle sizes of the synthesis powders for up to 2 h,
an increase tendency between 2 and 2.5 h followed by a de-
crease and no change between 3.5 and 4 h. Formation of small
and large angled particle boundaries in the particle structure
during mechanical deformation is among the factors that af-
fects the decrease in particle size [1].

The decrease in mean particle size down to 15.7 nanome-
ters especially after 2 h milling took place subject to the for-
mation of the Al,O3-TiB, (brittle-brittle) ceramic phase.
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Fig.7 SEM image of synthesized
composite powder after milling
for 2 h and EDS mapping of iron,
titanium, aluminum, boron, and
oxygen

Extensive plastic deformation increases the surface-volume
ratio of the particles. There were no changes in mean size after
the repeated continuation of cold welding (plastic deformation
and agglomeration) and fracture (size reducer) mechanism
throughout the 2—3.5 h milling period.

BET analysis results

Figure 10 shows the change in surface areas. The highest
surface area determined based on BET analysis results was
measured as 72.86 m?/g for the sample milled for 2 h.
Surface area values were determined as 42.53 m?/g after
1 h milling, 43.72 m?/g after 1.5 h milling, 39.52 m?/g after
2.5 h milling, 42.69 m?*/g after 3 h milling, 45.34 m%/g after
3.5 h milling, and 45.70 m*/g after 4 h milling. Mean particle
size in BET analyses were calculated as ~1390 nm for 1 h
milling, ~1190 nm for 1.5 h milling, ~15.7 nm for 2 h milling,
~1410 nm for 2.5 h milling, ~1250 nm for 3 h milling,

@ Springer

~1130 nm for 3.5 h milling, and ~1130 nm for 4 h milling.
The changes in mean particle size obtained as a result of BET
analyses are shown in Fig. 11.

Conclusions

The aim of the present study was to carry out the synthesis and
characterization of the a-Al,05-TiB, nanocomposite powder
at room temperature via mechanochemical processing. First,
Al, B,03, and TiO powders were used as starting materials at
room temperature conditions to successfully synthesize
Al,05-TiB, nanocomposite powder with high melting tem-
perature via mechanochemical processing. The following re-
sults have been obtained as a result of experimental studies.

* Al,O;5 and TiB, phase formations took place after 2-h
milling. In conclusion, our experimental results confirm
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Fig. 8 EDX spectrum and
elemental mapping of Al,O3- 324K
TiB, composite powder
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BK 15.44 34.25 13.03 29.72 21.12 44.17
OK 10.46 15.68 10.42 16.06 10.92 15.43
AIK 34.44 30.62 38.03 34.77 24.12 20.21
TiK 33.88 16.97 33.19 17.09 36.43 17.20
FeK 5.79 2.48 5.33 2.35 7.41 3.00

that after 2 h of milling (BPR: 20/1 and rotational speed of
vial: 600 rpm), the product is a high crystalline Al,Os-
TiB, composite. While 2h milling process resulted in the
gradual disappearance of the peaks for the starting mate-
rials as well as the actualization of the synthesis reaction,
milling for more than 2 h led to the decrease in crystallite
size.

*  Widening of the XRD peaks can be attributed to the size of
the crystals and the increase in the strain amount of the
lattice generated due to the mechanochemical milling pro-
cess. Therefore, the XRD analysis led to this conclusion that
interactions in the Al-Ti-B system occur within the mill.
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Fig. 9 Variation of the average particle size with milling time

* Al-O and Ti-B peaks were identified in accordance with
the peaks in both of the powder samples subject to FTIR
analysis and milled for 2 and 3 h.

* The maximum mean particle size was calculated as
1410 nm for 2.5 h milling as a result of particle size dis-
tribution analysis. While the minimum particle size was
obtained as 15.7 nm at the end of the 2 h milling
procedure.

» The mean particle size was obtained at a minimum value
of 15.7 nm as a result of the BET analysis result for 2 h
milled powder. The highest surface area value was obtain-
ed as 72.86 m?/g at the end of 2 h milling, and the lowest
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