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Abstract

In recent years, the interest in light metals has increased due
to the increasing demand for components with high specific
strength and long service life in the industry. In this context,
titanium alloys have become very common and popular
owing to their high strength/weight properties and superior
refractory characteristics. In this study, the effect of
boundary condition and tapered angle on the natural
frequency and vibration behavior of the beam was
investigated in Ti-6Al-4V beams coated with three
different ceramic materials; Al,O3, AIN, and TiB,. Tapered
angle values are considered as 0°, 0.2°, 0.4°, 0.6° and 0.8°.
Besides, boundary conditions were evaluated in two
conditions including left side fixed or both sides fixed. All
analyzes were performed in the finite element-based Ansys
APDL 19 program. According to the results obtained from
the analyses, it was observed that there was a change in the
natural frequency values according to the type of coating
material, but no difference was found in terms of
increase/decrease tendency. In addition, the resultant
displacement values were determined for all samples. The
results indicated that the resultant displacement values were
severely affected by the tapered angle. A decreasing
resultant displacement trend was observed in all samples
with increasing tapered angle.

Keywords: Natural frequency, Ceramic coating, Tapered
beam, Vibration behavior, Ti-6Al-4V

1 Introduction

Light metals like magnesium, aluminum, and titanium
have become popular in recent years due to the fact that they
carry a promising potential for high specific mechanical
properties. From the composite and foam industry to the
medical and construction sector, many different usage areas
can be counted for these metals depending on design
requirements [1-5]. Owing to their low density and high
strength combination, total interest in these classes of
materials by researchers and engineers working on structural
optimizations has started to rise nowadays [6, 7].

Ti-6Al-4V metallic alloy, which is also called Ti64, is a
dual-phase (a+ B) titanium alloy and it exhibits sufficient

Oz

Son yillarda sektorde 6zgiil mukavemeti yiiksek ve uzun
Oomiirli bilesenlere olan talebin artmasi nedeniyle hafif
metallere olan ilgi artmistir. Bu baglamda titanyum
alasimlari, yiiksek mukavemet/agirlik 6zellikleri ve istiin
refrakter 6zellikleri nedeniyle oldukga yaygin ve popiiler
hale gelmistir. Bu ¢aligmada, AlOs, AIN ve TiB; olmak
tizere ii¢ farkl seramik malzemesi ile kaplanmis Ti-6Al-4V
kirislerde smir kosulunun ve konik acinin kirisin dogal
frekans1 ve titresim davranigina olan etkisi aragtirilmistir.
Konik a¢1 degerleri 0°, 0.2°, 0.4°, 0.6° ve 0.8° olarak ele
almmustir. Ayrica, sinir kosullart sol kenarin sabitlenmesi
ya da her iki kenarin da sabitlenmesi olarak iki sekilde
degerlendirilmistir. Tiim analizler sonlu elemanlar bazli
Ansys APDL 19 programinda gergeklestirilmistir.
Analizlerden elde edilen sonuglara gore, kaplama
malzemesinin cinsine gore dogal frekans degerlerinde
degisim oldugu ancak artig/azalma egilimi agisindan bir
farklilik olmadig1 gorilmistiir. Ek olarak, tim numuneler
icin bileske deplasman degerleri belirlenmistir. Sonuglar,
bileske deplasman degerlerinin konik agidan ciddi sekilde
etkilendigini gostermistir. Konik ac¢inin artigt ile birlikte
tim numunelerin bileske deplasman degerlerinde azalis
egilimi gozlemlenmistir.

Anahtar kelimeler: Dogal frekans, Seramik kaplama,
Konik kiris, Titresim davranisi, Ti-6Al-4V

yield strength, low density, good fracture toughness, and
perfect corrosion resistance [8]. Thanks to its high specific
mechanical responses, Ti-6Al-4V alloy has been used
frequently by engineers in lots of critical structural parts such
as gas turbines, jet engines, fuselage components, and
airframe parts [9, 10]. Also, in comparison with the other
alloys series of titanium, it is correct to allege that Ti-6Al-
4V dominates the market sales since its appearing in the
sector [11]. Weight reduction capacity, superior mechanical
features, and excellent corrosion endurance are the most
influential reasons behind this circumstance.

To date, there has been made lots of scholarly endeavors
aiming to elucidate the mechanical and physical properties
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of Ti-6Al-4V alloys by various investigation teams.
Nevertheless, these attempts have remained limited to elastic
properties, plastic behaviors, wear resistance, fatigue, and
corrosion potential [12-16]. Corrosion can be interpreted as
a noteworthy problem for this kind of titanium alloy in
industrial service conditions and can be prevented with some
coating techniques. In the technical literature, some valuable
efforts are present to emphasize the positive effect of the
coating process. For instance, Hussain et al. [17] proposed
poly (e-caprolactone)/hydroxyapatite composite coating to
block undesired corrosion in Ti-6Al-4V samples. Haider et
al. [18] deposited graphene oxide film on Ti-6Al-4V samples
and improved the corrosion resistance. Mordyuk et al. [19]
reported that Al,O3 composite coatings could enhance the
corrosion and oxidation properties of Ti-6Al-4V substrates.
Mandal et al. [20] worked on hard AIN coatings and applied
them to Ti-6Al-4V samples. The research group claimed that
coated samples displayed better tribo-corrosion
performance. Bolat et al. [21] pointed out that Al,Os, AIN,
and TiB, coatings not only reflected better corrosion
resistance for Ti-6Al-4V samples but they also provided
sufficient elasticity under a load of thermal stresses. Lin et
al. [22] offered TiN coatings on Ti-6Al-4V samples for
longer service life under corrosive environments and utilized
a multi arc-ion plating process for the manufacturing of the
protective layer.

In the light of the previous scientific studies published in
the technical archives, it can be put forward that there is a
lack of interest in the topics of vibration properties of the
coated Ti-6Al-4V alloy. Accordingly, if it is considered that
all design components are subjected to vibrational effect in

the real service conditions, it should be underlined that the
correct detection of the natural frequency of the coated
samples is notably significant. Thanks to true frequency
predictions, unwanted separation of coating layers and
severe damage of substrate material can be hindered. In this
paper, three different hard ceramic coatings (Al2O3, AIN, and
TiB,) were selected and their effect on the natural frequency
capacity of the Ti-6Al-4V was analyzed by using finite
element methodology. All components were modeled using
proper meshing models. According to the simulation results,
all coating ceramics were compared to each other and some
further recommendations were made.

2 Material and method

It is known that the natural frequency of the cantilever
beam can be calculated with Equation 1 given below. In
Equation 1, f,, Ky, E, I, g, | and w demonstrate the natural
frequency, constant where n refers to the mode of vibration,
elasticity modulus, area moment of inertia, gravitational
acceleration, length of the beam and uniform weight
respectively [7].

K, |EI
A A (1)
21 | wl*

In this study, Ti-6Al-4V beam models (with a length of
200 mm, a width of 20 mm, and, a thickness of 2 mm) were
designed in Ansys APDL 19.0 finite element-based program
as shown in Figure 1.

fCoating thickness

ol ‘VCoating thickness

Fom

Tapered angle

Figure 1. The view of the tapered angles (©) on the designed Ti-6Al-4V beams with coating thickness of 0,6 mm;

0=0°06=02°6=0.4° 0=0.6°and © = 0.8° respectively
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As coating ceramics, hard AIN, AlOs;, and TiB, were
appointed and the coating thickness values were designated
as 0.6 mm. During the modeling procedure, both beam and
coating layer was created with different areas and then these
areas were glued to each other to be able to define different
material properties for the beam and coating layer. These
three hard ceramics were selected since they have been used
frequently by different investigators due to their high
hardness and rigidity as composite reinforcements and
coating layers [23-28]. Also, five different tapered angles
were picked up in order to conceive the impact of the
geometrical factor. In Table 1, material properties utilized in
the Ansys APDL program can be followed easily.

Table 1. Material properties of base and coating materials
[21]

Material Type Elasticity Poisson’s Density
Modulus (MPa) Ratio (g/cm®)
Ti-6Al-4V 110 000 0.310 441
AIN 341 000 0.240 3.26
Al,04 403 000 0.210 3.95
TiB; 562 000 0.108 4.52

Designed beams were subjected to homogenously
meshing procedure with Quad 4 Node 182 element type with
plane thickness option which has four nodes with two
degrees of freedom at each node: translations in the nodal x
and y directions [29]. In addition, two different test
conditions in another name boundary conditions were
adjusted. Firstly, the left end of the tapered beam was fixed
as a boundary condition. Secondly, both design ends were
fixed (Figure 2a). During the meshing procedure, firstly the
total model was meshed with an element size of 0.1 mm, 0.2
mm, and 0.3 mm respectively, and solved. However, as a
result of mesh optimization, it was observed that the obtained
results differ for element sizes of 0.3 mm than others

significantly and no remarkable difference was noted
between element sizes of 0.2 mm and 0.1 mm. Therefore, to
minimize the solution time, 0.2 mm element size was
preferred and the total number of 136656 nodes and 135534
elements were generated. Meshed part can be seen in Figure
2b. What is more, modal analyses were conducted in the
Block Lanczos module with active ten-mode. Thus, the first
natural frequency of the coated tapered beams and occurred
maximum resultant displacement values were obtained
depending on coating materials, tapered angles and test
conditions.

3 Finite element results

For the only left-side fixing condition (Condition 1), the
results of the finite element analyses performed with the
Ansys APDL 19 program are given in Figure 3 and Figure 4.
Figure 3 shows how the type of coating material and the
tapered angle of the beam affect the first natural frequency
values of the beams.

In the case where the coating material is AIN, the highest
first natural frequency occurred at 15.647 Hz when the
tapered angle was 0.2°. On the other hand, the lowest first
natural frequency value of 15.079 Hz was observed when the
tapered angle was 0.8°. In case the tapered angle increases
from 0° to 0.2°, an increase was observed in the first natural
frequency value of the beam, while the first natural
frequency values of the beam decrease when the tapered
angle exceeded 0.2° (Figure 3a). In the case where the
coating material is AlOs, it was ascertained that the first
natural frequency values of the beam escalated in a range of
2% to 3%, compared to the situation in Figure 3a. The
highest first frequency value of 16.105 Hz and the lowest
first natural frequency value of 15.498 Hz were found when
the tapered angle values were 0.2° and 0.8° respectively
(Figure 3b). Moreover, it can be noted that the first natural
frequency values dropped slightly from 0.2° to 0.8°.

Condition 1
fCoating thickness e ©=0.8° |
A i
44— Fixedend Tapered angle
| [T JCpal’irjgtrhrickness
f Coating thickness o ©=0.8
A
— Fixed end Tapered angle
i ‘ Fixed end ¢——
t R Coating thickness
[]
b

Figure 2. An illustrative view of the designed beams with boundary condition and mesh, a) View of the boundary

conditions, b) view of the generated mesh
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When the coating material type is TiB, (Figure 3c), the
first natural frequency value reached its peak value of 17.313
Hz for a 0.2° tapered angle. On the other side, the minimum
first natural value was detected as 16.596 Hz for the tapered
angle of 0.8°. A similar declining trend that was noticed for
other ceramic coating versions was seen for TiB, coated
beams between 0.2° and 0.8° tapered angles.

If a general assessment is made with the finite analyses
obtained, there is no inconvenience to state that the elastic
modulus of the coating ceramics plays an important role in

the natural frequency outcomes. In comparison with the
other hard coatings, TiB, coatings had higher levels of
frequency and this situation can be attributed to their higher
elastic modulus of 562 GPa. Besides, for all kinds of coating
types, it can be emphasized that the geometrical factor of the
tapered angle also was effective for the natural frequency
results. Regardless of the coating material, while a slight
frequency increase is present between 0° and 0.2° tapered
angle values, a decreasing tendency can be seen from 0.2°
and 0.8° tapered angles.

18
17,7 -
17,4 3
17,1 3
16,8
165 3
16,2 3
193 15604 15,647
15,6
153 3

First Natural Frequency, Hz

I_l 15,079
[ ] ——

0

.k 15,196

15 3 : :

04 0,6 0,8

Tapered Angle, ©

18 3

17,7
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15,6
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2]
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15,619
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04 0,6 08

Tapered Angle, 8
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17,7 1
17,4 17,208
17,1
16,8
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16,2
159 3
15,6
15,3

15 3

17,313

First Natural Frequency, Hz

16,879
16,733

16,596

0 0,2

04 0,6 0,8

Tapered Angle, ©
Figure 3. First natural frequency values of Ti-6Al-4V beams with different coatings depending on tapered angle for

condition 1, a) AIN, b) Al>Og, c) TiB;
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Displacement analyses are considerably significant for
the design requirements and physical stability of the coating
material. Especially for hard and rigid ceramic coating
layers, this factor must be taken into the account carefully.
In Figure 4, the resultant displacement values of the coating
materials are given based on the changing tapered angle
values. In addition, it should be pointed out that the obtained
displacement values from the finite element analyses can be
considered as the relative values due to no acting force on
the beams which leads to a deformation in the modal
analysis. In Figure 4a, Figure 4b, and Figure 4c, the coating
materials of the beams are AIN, Al;Os;, and TiBy,
respectively. From Figure 4a, the resultant displacement
values decrease with the increase of the tapered angle.

According to the analyses, the highest and the lowest
resultant displacement values were determined as 10.386
mm and 9.293 mm for AIN and TiB, coated beams
respectively.

If the graph drawn in Figure 4b is examined, it is seen
that the resultant displacement values have a decreasing
trend. Similar to the trend in Figure 4a, a diminishment in the
resultant displacement values was observed with the increase
of the tapered angle in Figure 4b. For Al,Os coated beams,
the highest resultant displacement value was determined as
10.337 mm when the tapered angle was (0°, and the lowest
resultant displacement value was determined as 9.258 mm
when the tapered angle was 0.8°.

10,8
10,5 10,386

10,2 10,082
9,9

9,6 1

Maximum Resultant
Displacement, mm

9,3 ]

=]

9,795
9,535

9,293

0,4 0,6 08

Tapered Angle, ©

165 3 10,337

102 10,037

9,9 ]

Maximum Resultant
Displacement, mm

9,3 ]

9,754

9,497

9,258

0,4 0,6 0.8

Tapered Angle, ©

10,292

10,2
] 9,997

Maximum Resultant
Displacement, mm
o
“0o

9,6 1

9,718

9,464

9,228

e

0,4 0,6 08

Tapered Angle, ©

Figure 4. Maximum resultant displacement values of Ti-6Al-4V beams with different coatings depending on tapered

angle for condition 1, a) AIN, b) Al,Os, c) TiB:
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In the case where the coating material is TiB,, an
apparent decrement was observed in the resultant
displacement values similar to the other two cases. From
Figure 4c, the highest and lowest resultant displacement
values are 10.292 mm and 9.228 mm, respectively. At this
point, it is also worth mentioning that when Figure 3 and
Figure 4 are examined together, it can be reported that while

the first natural frequency of the beam is high, the resulting
resultant displacement value decreases. Furthermore, Figure
5 shows the simulation image of an analyzed sample (TiB>
coated beam with tapered angle of 0.8°), and alike results
were seen also for all kinds of coating types and tapered
angles.

Figure 5. An illustrative example for vibrational behavior of the coated tapered beams at condition 1 (TiB coated

beam with tapered angle of 0.8°)

110

~N
I
=
S 105 |
2
g ] 100,514
£ 100 1 98,495
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© 94,858
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E ] 92,102
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90 | | . : : ;
0 0,2 0.4 0,6 0,8
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g 105 1
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Figure 6. First natural frequency values of Ti-6Al-4V beams with different coatings depending on tapered angle for

condition 2, a) AIN, b) Al,O3, ) TiB>
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For the two-side fixing condition, the results of the finite
element analyses conducted with the Ansys APDL 19
software are shared in Figure 6 and Figure 7. In the case
where the coating material is AIN, the maximum first natural
frequency value was recorded as 100.514 Hz when the
tapered angle was 0.8°. Nevertheless, the minimum first
natural frequency value of 92.102 Hz was ascertained when
the tapered angle was 0°. It should also be underlined that as
tapered angle values go up, calculated natural frequencies
exhibit climbing behavior.

In the case where the coating material is Al>Os, it was
found out that natural frequency levels of prepared models
showed an incremental trend, compared to the situation
detected in Figure 6a. The highest first frequency value of

102.682 Hz and the lowest first natural frequency value of
94.322 Hz were found when the tapered angle values were
0.8° and 0° respectively (Figure 6b). Similar to the outcome
seen for the models coated with AIN, it can be put forward
that the first natural frequency values raised prominently
from 0° to 0.8°.

When the coating layer is TiB2 (Figure 6c), the peak
value of the first natural frequency was 108.417 Hz for a 0.8°
tapered angle. On the other hand, the trough value of the first
natural value was determined as 100.193 Hz for the tapered
angle of 0°. A parallel rising trend that was obtained for other
ceramic coatings was noticed for TiB, coated beams
depending upon the increasing tapered angle values.
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Figure 7. Maximum resultant displacement values of Ti-6Al-4V beams with different coatings depending on tapered

angle for condition 2, a) AIN, b) Al>Os, ¢) TiB;
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Figure 8. An illustrative example for vibrational behavior of the coated tapered beams at condition 2 (TiB; coated

beam with tapered angle of 0.8°)

Figure 7 demonstrates the resultant displacement values
of the coated models fixed at both ends according to the
shifting tapered angles. Figure 7a points that the resultant
displacement values descend with the rise of the tapered
angle values. As a consequence of the numerical analyses,
the highest and the lowest resultant displacement values
were calculated as 8.148 mm and 7.57 mm for AIN and TiB;
coated models respectively. If bar graphs shown in Figure 7a
and Figure 7b are assessed together, it can be asserted that
the resultant displacement values had a downward trend for
Al,O3 coated models.

For Al,O; coated models, the maximum resultant
displacement value was found as 8.106 mm when the tapered
angle was 0°, and the minimum resultant displacement value
was determined as 7.609 mm when the tapered angle was
0.8°. In the case where the coating material is TiB>, a gradual
diminishing was recorded in the resultant displacement
values as also detected in the other two cases. From Figure
7c, the highest and lowest resultant displacement values are
8.062 mm and 7.57 mm, respectively.

Additionally, Figure 8 illustrates the simulation view of
an analyzed sample, and similar behaviors were observed
also for all coating types and tapered angles.

4 Conclusions

From this finite element study, the following results were
obtained:

v' Finite element methodology is an effective way for the
determination of the natural frequency and displacement
results of the hard-ceramic coated titanium alloys.
Thanks to numerical analyses, lots of technical
information can be attained without conducting
expensive coating processes and setting up experimental
equipment.

v Nitrides, oxides, and borides affect differently the natural
frequency and displacement behaviors of the Ti-6Al-4V
alloy. This outcome can be explicated with their different
hardness and rigidity levels.

v' For both fixing conditions, TiB, coated beams have
higher first natural frequency levels than Al,O3; and AIN
coated beams.

v' For only left-side fixed condition, independently from the
coating material type, taper angle influences the natural
frequency results negatively, except from between 0° and
0.2°.

v' For the two-sided fixing condition, as long as the taper
angle values increase, the natural frequencies of the
models go up irrelevant to the coating material type.

v From the data collected from the finite element analyses,
it can be brought forward that there is a negative
relationship between the taper angle values and resultant
displacement values. This trend is valid for both fixing
conditions.

v" For both fixing conditions, resultant displacement levels
of AIN coated beams are higher than Al,Os and TiB;
coated beams.
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