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Abstract— Traffic accidents and osteoporosis significantly contribute to the incidence of fractures in Indonesia, increasing the need for
orthopedic implant materials, such as titanium alloy Ti-6Al-4V ELI, which has good biocompatibility and availability in the market.
However, its strength needs to be increased through thermomechanical treatment to maintain its durability. In this study, such
treatment was applied with a combination of solution heat treatment at 950°C and a 1-hour holding time, followed by, subsequently,
rapid cooling using water quenching, plastic deformation with deformation variations of 10%, 20%, and 30%, and aging treatment at
a temperature of 550°C and holding time for 1.5 hours. The material surface microstructure was observed using an Olympus GX71
optical microscope; the chemical composition was measured using Electron dispersive X-ray, and; the hardness was measured using a
Vickers microhardness tester. All data obtained were then analyzed to determine the effect of thermomechanical treatment on the
increase and changes in the tested material’s hardness and microstructure, respectively. The results showed that thermomechanical
treatment could increase the hardness of Ti-6Al-4V ELI, as expressed by the equation HVN = 135¢ + 381.5, with a correlation coefficient
of 0.991. Hence, it could be concluded that thermomechanical treatment can increase the hardness of Ti-6Al-4V ELI and, finally, change
its microstructure, indicating an increase in the o phase. Therefore, Ti-6Al-4V ELI treated with thermomechanical treatment can be
an alternate material in orthopedic implant applications.
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Titanium is the one that has a modulus of elasticity closer
I. INTRODUCTION to bone (30Gpa). Ti-6Al-4V ELI is a titanium alloy widely
used as an orthopedic implant material since it has a relatively
low modulus of elasticity, good corrosion resistance, good
biomechanical properties [4], [5], and better biocompatibility.
In more detail, it has quite good mechanical properties, such
as elastic modulus of 110 GPa, yield strength of 900 MPa, the
maximum tensile strength of 1000 MPa, and fatigue strength
of 600 MPa, thus suitable for use as an orthopedic implant
material [1]. Even so, it still has challenges to its mechanical
advantages since, for orthopedic implant applications, an
implant must have sufficient strength to withstand the load
that exists either static (in bone graft implant applications) or
dynamic loads (in knee joint implant applications) [6].

Fracture cases in the world, including Indonesia, have
continued to increase in the last few years. Most of them are
caused by traffic accidents and the increasing incidence of
osteoporosis in old adults. These two causes have led to an
increase in the demand for orthopedic implant materials.
Generally, materials used to make orthopedic implants are
metals [1]. Metallic biomaterials are used as raw materials for
orthopedic implants based on their characteristics, namely
their good biomechanical, biochemical, and biological
compatibility with the human body. Some metallic
biomaterials often used as implant materials are SUS 316L
stainless steel [2], Co-Cr alloys, and titanium alloys, having

an elastic modulus of 200 GPa, 220-230 GPa, and 110 GPa Therefore, mechanical properties, such as strength, are
respectively [1], [3] ’ ’ ’ important factors to maintain the durability of alloy materials

when used as implant materials.
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One way to increase the strength of the material is by
giving thermomechanical treatment through a combination of
heat treatment [7] and mechanical treatment that is very
promising to improve the mechanical properties of titanium
alloys [8]. Thermomechanical treatment is also very effective
in controlling the microstructure and mechanical properties of
titanium alloys. For this reason, this study applied this method
to increase the strength of the titanium alloy Ti-6Al-4V ELL

Furthermore, several studies have developed Ti-6Al-4V-
based materials to be applied as orthopedic implants. Some
studies analyzed the corrosion behavior of Ti-6Al-4V [9]-[53],
thermomechanical processes on AlI-Cu-Li alloy [54], Cu—Cr—
Ag alloy [55], polycrystalline magnesium [56], and Zircaloy-
4 Tubes of Mock-Up Dissolver Vessel [57],
thermomechanical treatment of titanium alloy type f TNTZ
by combining solution heat treatment, aging treatment, and
mechanical treatment by cold rolling process [58]. Some
researchers have studied a thermomechanical treatment done
on titanium alloys (a+f) Ti-6Al-4V and Ti-6Al-2Mo-2Cr by
combining solution heat treatment, aging treatment, and
mechanical treatment with the forging process. However, they
merely analyzed the effect of thermomechanical treatment on
the microstructure [59]. In this research, we studied the effect
of thermomechanical treatment on the mechanical properties
and microstructure of titanium alloy Ti-6Al-4V ELI to obtain
an implant material with optimum mechanical properties,
namely good resistance when used as an alternative material
for orthopedic implants. This study determined the effect of
thermomechanical treatment on the mechanical properties
and microstructure of titanium alloy Ti-6Al-4V ELI as an
alternate material for orthopedic implants.

II. MATERIALS AND METHOD

A. Sample Preparation

The sample included 13 Ti-6Al-4V ELI specimens, each
measuring 12 mm in diameter and 6 mm in thickness. A
specimen was used for characterization test before
therm[48]omechanical treatment; three were used for
characterization in heat treatment without plastic deformation;

The specimens were next mechanically loaded by pressing
them in the axial direction at room temperature (27°C) with
deformation changes of 10%, 20%, and 30% for each of the
three specimens. A Takeda hydraulic press machine was used
for the pressing procedure. The aging process followed,
which included reheating at 550°C for 1.5 hours with also 1.5
hours holding duration. It was followed by progressive
cooling at ambient temperature. Figure 1 above shows the
thermomechanical process scheme.

The plastic deformation can be examined using equation (1)
[60]:

£ ==x100% (1)
Ah =ho-hi
where hi is the final height (mm), ho is the initial height (mm),
Ah is the change in height (mm), and € is the plastic
deformation (%). The change in height due to plastic
deformation was measured using a dial indicator equipped
with a magnetic stand.
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while the remaining nine specimens were divided into three
groups (each consisting of three) for characterization test after
thermomechanical treatment with plastic deformation
variations of 10%, 20%, and 30%, respectively.

B. Chemical Composition, Microstructure, and Hardness
Examination

An energy-dispersive X-ray (EDX) (EMAX X-Act series)
linked to a Hitachi S-3400N scanning electron microscope
was used to assess chemical composition (SEM). An
Olympus GX71 optical microscope was used to analyze the
material's microstructure. The hardness of the material was
determined wusing a Vicker microhardness tester
(SHIMADZU HMV-1), under ASTM 384 [59]. In this test,
the indenter was shaped like a four-sided pyramid at a 136°
angle, a significant loading of 9.8 N, and two to fifteen
seconds indentation time.

C. Thermomechanical Treatment

Solution therapy (ST), mechanical treatment, and aging
treatment were used in the thermomechanical process (AT),
see Figure 1. A Ney Ceramfires vacuum heating furnace was
used to complete the heating procedure. Heating to 950°C
with an increased temperature at 10°C/s and an hour holding
time, followed by fast cooling using water quenching, was
used to treat the solution (WQ).
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Fig. 1 Thermomechanical process scheme t(s)

D. Flowchart of Research Stages

Figure 2 shows a flow chart of this research. The
implementation of this research was started by preparing Ti-
6Al-4V alloy test material, which began from cutting the
sample into size according to the specified dimensions. After
that, microstructure examination, chemical composition, and
material hardness testing were preliminary data before the
thermomechanics treatment. Then, the thermomechanics
treatment was carried out by combining heat treatment and
mechanical treatment (plastic deformation) of the Ti-6Al-4V
alloy test material. After passing the thermomechanics
process, the researchers conducted hardness testing and
examination of the microstructure of the Ti-6A1-4V ELI alloy.
The data was then analyzed to determine the effect of the
thermomechanics process on the hardness value and
microstructure changes of the alloy material Ti-6Al-4V.
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Fig. 3 (a). Ti-6Al-4V ELI composition region (b) Ti-6Al-4V ELI composition
spectrum.

B. Ti-6A41-4V ELI Hardness
Each of the five test sites yielded the average hardness of

Microstructure
is clear

l Yes Ti-6Al-4V ELI due to thermomechanical treatment is
Specimen hardness compared in Table 1. The initial test yielded a hardness of 314
test HVN when the alloy was in its as-received state. Previous
Il research indicated that the hardness of Ti-6Al1-4V ELI in its
: as-received condition was nearly identical to Ti-6A1-4V ELI
Results Analysis in its as-received condition, i.e., 312 HVN [62]. The
beginning state of particular specimens can influence the
variation in hardness levels achieved. As demonstrated by
measurements of the microstructure of Ti-6Al-4V ELI,
previous investigations employed specimens in cast state [62],
Fig. 2 Research flowchart whereas this study used specimens in mill annealed
conditions.
IIT. RESULTS AND DISCUSSION
TABLE I
A. Testing the Alloy Ti-6A1-4V ELI Composition RESULTS OF THE TI-6AL-4V ELI HARDNESS TEST
On the Hitachi S-3400N SEM, the Ti-6Al-4V ELI = c = c Aging Treatment
composition was examined by EDX. Figure 3 shows the final 3 g 2 2 3
results. Based on the results of the spectrum area of z & E E E o o o o
composition measurement, Ti-6Al-4V ELI contains Titanium N5 2§ § § 3 B E g E ek
(Ti) 90.01%, Aluminum (Al) 5.54%, and Vanadium (V) 2 £ 2 2 = E5858358:5
4.45%. The results obtained are in accordance with the s 2 K] R s 3 8 3
standard composition of Ti-6Al-4V ELI, where Aluminum 1 316 330 340 368 395 390 390 405 415
andVanadiumrangebetween 5% - 6.75% and 3.50% - 4.50% 2 312 325 345 360 399 385 395 410 419
[61]. As a result, the specimens used for Ti-6Al-4V ELI met 3 312 337 336 356 392 370 400 408 425
4 311 320 341 358 396 378 398 413 420

the requirements.
5 317 322 347 370 395 381 402 412 428

Mean 314 327 342 362 395 381 397 410 421
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The hardness of Ti-6Al-4V ELI raised around 4.14 percent
after solution treatment compared to its as-received condition.
When the quick cooling procedure (water quenching) took
place, the hardness increased due to the creation of the o'
martensite phase. Meanwhile, the hardness of Ti-6A1-4V ELI
enhanced by around 26.6 percent from its as-received
condition in a prior study [62]. Differences in beginning
conditions, grain size, and cooling speed can all influence the
hardness growth of Ti-6Al-4V ELI. Differences in grain size
affect the level of hardness. The larger the grain size, the
lower the hardness level. Meanwhile, the higher the cooling
speed, the higher the hardness level [60].

Further hardness testing was carried out on Ti-6A1-4V ELI,
which had received solution treatment. Ti-6Al-4V ELI, which
was given deformation variations of 10%, 20%, and 30%,
experienced an increase in hardness from the initial
conditions, namely, 8.91%, 15.28%, and 25.79%,
respectively. These increases in hardness were in line with the
mechanism of strain hardening. The application of plastic
deformation caused the dislocations to be deformed and
accumulate at the grain boundaries [63]. This buildup made
the dislocations more difficult to move, thus requiring higher
shear stress to move the dislocations. It resulted in the
material's strengthening. The harder Ti-6Al-4V ELI becomes
when it is subjected to more plastic deformation (see Figure

4).

450

400 .
= 350 '
é
= 300
=
= 250
s
« 200
E
£ 150
2
= 100

50

0
As Received Solution Solution Solution Solution
Treatment  Treatment + Treatment+ Treatment +

Deformation Deformation
20% 30%

Deformation
10%
Type of Treatment

Fig. 4 The hardness of Ti-6Al-4V ELI in its as-received state versus after
solution treatment and 10%, 20%, and 30% plastic deformation.

Figure 4 depicts the increase in hardness of Ti-6Al1-4V ELI
owing to the influence of plastic deformation after solution
heat treatment in the form of a graph. Further hardness testing
was performed on Ti-6Al-4V ELI after a 1.5-hour aging
treatment, which resulted in a 21.33 percent improvement in
hardness above the as-received state. According to previous
research, aging Ti-6Al-4V for 4 hours increased its hardness
by 32.69 percent compared to its original state [62]. The
holding duration has an effect on the difference in the rise in
hardness of Ti-6Al-4V ELL The alloy's hardness is influenced
by the holding period; the longer the holding time, the higher
the alloy's hardness. Over time, however, an excessive
amount of holding time might lower the alloy's hardness [60].

The production of fine o phase precipitates from the
previous S metastable phase causes the increase in hardness
after aging treatment [64]. The precipitation hardening
mechanism causes the increase in alloy strength through the
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formation of fine and evenly distributed phase precipitate
particles in the material [63]. The distribution of precipitates
on the alloy is carried out through a series of solution
treatment processes, namely quenching and aging. The
formation of these precipitates through heating is usually
called artificial aging.

After subsequent heat treatment, the hardness of Ti-6Al-
4V ELI is also affected by plastic deformation following
solution treatment (aging treatment). In this work, plastic
deformation of 10%, 20%, and 30% enhanced the hardness of
Ti-6Al-4V ELI from its as-received condition by 26.43
percent, 30.57 percent, and 34.07 percent, respectively, from
its as-received condition. Figure 5 shows the rise in hardness
of Ti-6Al-4V ELI following age treatment.
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Fig. 5 The hardness of Ti-6Al-4V ELI in its as-received condition against that
following age treatment and 10%, 20%, and 30% plastic deformation

More o phase was generated, the Ti-6Al-4V ELI’s plastic
deformation was increased. This phase in a titanium alloy
tends to boost the alloy's strength while having low elasticity,
whereas the phase increases the alloy's elasticity [65].

Figure 6 shows how thermomechanical treatment with a
combination of solution heat treatment, plastic deformation,
and aging treatment increased the Ti-6Al-4V ELI’s hardness.
The combination of mechanical and solution heat treatment
increased the Ti-6Al-4V ELI’s hardness; it is shown by the
line equation y = 228x + 321.8 or by the hardness equation
HVN = 228¢ + 321.8, with a correlation coefficient of 0.969.
Meanwhile, the increase in hardness in further heat treatment
(aging treatment) with a combination of plastic deformation
can be expressed by the line equation y = 135x + 381.5 or by
the hardness equation HVN = 135¢ + 381.5, with a correlation
coefficient of 0.991.
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Fig. 6 The influence of the percentage of plastic deformation (¢) on the Ti-
6Al1-4V ELI’s hardness after solution and aging treatment.



C. Ti-6Al-4V ELI Microstructure

An Olympus GX71 microscope was used to analyze the
microstructure of Ti-6Al-4V ELIL. The microstructure was
studied under a variety of situations, including as-received,
after solution heat treatment, and after aging treatment.

1) Ti-6A41-4V ELI’s Microstructure in its as-received
condition: Figure 7 shows the results of microstructural
observations of Ti-6Al-4V ELI before thermomechanical

treatment (in as-received condition).
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Fig. 7 The findings of observations on the microstructure of Ti-6Al-4V ELI
in its as-received state

In Ti-6Al-4V ELI, the phase produced is spherical. The f
phase is represented by the dark-colored dots, whereas the
brighter sections represent the a phase. Previous research has
come up with the same conclusion, namely that the phase
generated in the alloy is globular [66]. The mill-annealed state
of Ti-6Al-4V ELI was obtained by forming the material at
950°C, annealing it at 700°C for 2 hours, and then slowly
cooling it in the open air.

2) Microstructure of Ti-641-4V ELI in the solution
treatment: Figure § indicates the findings of observations on
the microstructure of Ti-6Al-4V ELI during solution
treatment conditions. The produced phase was martensite, as

evidenced by the needle-shaped specimen surface appearance.

The f phase changed to a martensite o' phase and then to a
fine a phase. At a temperature of 950°C, cooling with water
quenching produced an acicular o’ martensite microstructure,
as well as a primary « and insoluble § phase [62].

A process for dissolving solid alloy atoms into the parent
atom to obtain a single phase in the material is known as
solution treatment or solid-dissolving mechanism [60]. Water
quenching allows for rapid cooling in the o+ f zone was used
to treat the solution on Ti-6Al-4V ELI. Rapid cooling in the o
+ f area led the S phase to change to the o' martensite phase
at the particle boundaries, resulting in the § phase, which was
not dissolved. When cooled above the £ transus temperature
(995 °C), the f phase dissolves completely.

Fig. 8 The Ti-6Al-4V ELI’s microstructure was observed under solution
treatment conditions, yielding the following results.

After solution treatment, the specimens were stressed with
10%, 20%, and 30% plastic deformation variations at room
temperature.
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Fig. 9 After solution treatment at 950°C, the plastic deformation effect on the
Ti-6A1-4V’s microstructure (a) a ten percent distortion (b) a 20 percent
distortion (c) Deformation of 30 percent
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Primary a phase

(d
Fig. 10 The effect of Ti-6Al-4V’s plastic deformation in solution on the aging
process. (a) unaffected by deformation (b) (a) 10% (b) 20% (c) 30% (d) 40%.

Figure 9 depicts the impact of plastic deformation on the
Ti-6Al-4V  ELI’s microstructure after 950°C solution
treatment. Plastic deformation did not affect the solution-
treated Ti-6Al-4V ELI phase, but it did cause the Ti-6Al-4V
ELI grains to split, resulting in the recrystallization
phenomena [63]. The martensitic structure of Ti-6Al-4V ELI
was influenced by the deformation applied. The tightening of
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the martensitic structure of the alloy was driven by increased
plastic deformation.

3) Ti-6A1-4V ELI microstructure under aging treatment:
The microstructure in Figure 10 was created by aging at
550°C for 1.5 hours with a holding duration of 15 minutes.
After a solution heat treatment at 950°C, aging treatment
resulted in a phase transition from a’ martensite to o + . At
the grain boundaries of Ti-6Al-4V, the phase expanded and
evolved. In Ti-6Al-4V grains, however, the a’ phase and the
o phase precipitate developed. The recrystallization
mechanism influenced the formation of the phase after aging
treatment and deformation changes. The easier it is for
recrystallization to occur at a given plastic deformation [63].
The o phase causes the alloy to become stronger, and the Ti-
6AI-4V’s plastic deformation becomes higher [64].

IV. CONCLUSION

This study showed that the thermomechanical treatment
could increase the hardness value of Ti-6Al-4V ELI and
change its microstructure, indicating an increase in the o
phase. The increase in the hardness value of Ti-6Al-4V can
be expressed by the equation HVN = 135¢ + 381.5, with a
correlation coefficient of 0.991. The increase in the o phase
due to deformation also affected the material to become
stronger.
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