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Abstract 
Vibration absorption of the Ti-6Al-4V alloy fabricated by laser powder bed fusion additive 

manufacturing (LPBF-AM) was evaluated following as-built and post-heat treatment (i.e., solution 
treatment followed by water quenching). The base plate was heated at 50°C or 200°C during building. 
Results showed that the vibration absorption of the as-built Ti-6Al-4V alloy was higher when 
the base plate was heated at 50°C than at 200°C. Further, the vibration absorption indicated strong 
anisotropy, with the highest vibration absorption in the direction perpendicular to the building 
direction and transverse to the laser scanning direction. However, after solution treatment followed 
by water quenching, the anisotropy in the vibration absorption of the LPBF-AMed Ti-6Al-4V alloy 
practically disappeared, and relatively high values were obtained parallel to each direction. 

1.  Introduction 
 
The Ti-6Al-4V alloy is used as a structural material for artificial 

satellites. Satellite components are often too complex in shape to enable 
the efficient placement of various onboard devices, and the production 
number is small because of the considerable cost of a single launch. 
In recent years, additive manufacturing (AM) technologies using 
metals [1] have been employed to manufacture satellite components 
[2]. AM technology enables the manufacture of hollow structures, 
which is not possible with machining, and individual manufacturing. 
Therefore, reductions in the weight of components and manufacturing 
costs are expected. Satellites are sometimes destroyed or malfunction 
because of vibrations and explosions (violent vibrations of air) caused 
by engine jets when launched by rockets [3]. The natural frequency of 
a typical satellite is less than 30 Hz, and high-frequency vibrations 
exceeding 100 Hz from the attachment point are damped in the 
vibration transmission path, whereas an explosion noise of 130 dB 
or more, mainly from several hundred hertz to several kilohertz from 
any angle during launch, causes large vibrations in the satellite structure 
[4]. Therefore, the use of highly vibrational absorbers for satellite 
components is desirable. 

The logarithmic damping rate is generally used as a measure of 
vibration absorbency. This is correlated and proportional to the internal 
friction of the material. The internal friction of metallic materials is 
affected by lattice defects, such as dislocations and point defects [5], 
depending on the history of plastic working, heat treatment, and 
impurity concentration. Titanium alloys exhibit significantly lower 

vibrational absorption properties than other metallic materials [6]. 
However, studies have shown that a solution treatment at a temperature 
in the single β region, following by quenching, increased internal 
friction of α+β-type Ti-Nb binary alloys due to martensitic transformation 
and then significantly improved the vibration absorption [7,8]. The 
Ti-6Al-4V alloy is also an α+β-type titanium alloy, and thus martensitic 
transformation can be induced by solution treatment at 1100°C 
or higher, followed by water quenching. This is likely to result in 
improved vibration absorption. Among the AM technologies using 
metals, laser powder bed fusion (LPBF) is one of the most representative 
methods. It is known that LPBF exhibits the following features, (a) 
a steep temperature gradient (106 K·m‒1) as well as rapid solidification 
and cooling rates (can reach 108 K·s‒1) and (b) a complex heat history 
involving melting and solidification as well as multiple reheating and 
cooling cycles for solidified parts [9]. Therefore, according to both the 
(a) and (b) effects, a microstructure containing a hierarchical structure 
of martensite was obtained in the LPBF-AMed Ti-6Al-4V alloy [9,10]. 
Such the microstructure is difficult to be obtained without LPBF-AM 
technology. Therefore, the vibration absorption of the LPBF-AMed 
Ti-6Al 4V alloy may in fact be different from that of alloys fabricated 
using generally metallurgical fabrication methods such as casting, 
forging, and rolling [11]. However, studies on the vibration absorption 
of AMed Ti-6Al-4V alloys are lacking. 

In this study, the vibration absorption of a Ti-6Al-4V alloy fabricated 
using LPBF was evaluated, and the effects of solution treatment 
followed by water quenching on the vibration absorption of the alloy 
was investigated. 
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2. Experimental  
 
2.1  Specimen preparation 
 

Spherical Ti-6Al-4V powder with a particle diameter of 20 µm to 
65 µm (Carpenter Additive) was used in this study. Specimens with 
dimensions of 25 mm × 25 mm × 25 mm were manufactured using 
a laser powder bed fusion AM machine (SLM Solutions, GmbH). 
Settings for the experiment were a preheating temperature for the base 
plate of 50°C or 200°C, laser power of 300 W, spot diameter of 80 µm, 
stacking thickness of 50 μm, scanning speed of 775 mm·s‒1, and hatch 
pitch of 0.12 mm. Hereafter, depending on the shape and preheating 
temperature of the base plate, the two specimens are referred to as 
cube50 and cube200, respectively. Figure 1 shows the scanning and 
building directions as well as the appearance of the as-built Ti-6Al-4V. 
The planes perpendicular to the building direction were designated 
as B1, and those parallel and perpendicular to the scanning direction 
were designated as A1 and C1, respectively. In addition, those planes 
facing each other were designated as A2, B2, and C2. The as-built 
cube50 and cube200 were subjected to solution treatments at 1100°C 
in an argon atmosphere for 90 min followed by water quenching, as 
a post-heat treatment.  

The microstructures of the specimens were examined using optical 
microscopy and X-ray diffraction (XRD). The surfaces of the specimens 
were wet-polished with waterproof abrasive papers up to #2000 and 
then buff-polished with a colloidal silica suspension to a mirror finish. 
The mirror-polished surfaces were etched using aqueous solutions 
of nitric and hydrofluoric acids. 
 
2.2  Vibration absorption evaluation 

 
Vibration absorbency was evaluated using a damping method. 

The specimens were subjected to direct impacts and vibrations. 
To prevent the specimens from being subjected to other vibrations, 
the measurement device consisted of two parts, one that supported 
three eddy current sensors, and the other to hold the specimen. Figure 2 
shows a schematic and photograph of the self-developed device for 

simultaneous multidirectional vibration measurements. To measure the 
vibration damping caused by the displacement of the specimen, eddy 
current sensors were installed along the x, y, and z axes perpendicular 
to the specimen surface. A solenoid was used to apply an impact to 
the top surface of the specimen, and the specimen was placed on the 
support to which a vibration-absorbing material made of ABS resin 
was attached. The vibration-absorbing material was placed in contact 
with five surfaces, excluding the top surface where the impact was 
applied. The support was a hollow conical component designed so 
that the eddy current sensor could be placed inside. Strain gauges were 
mounted at four locations on the outer frame of the device, and their strain 
values were maintained at less than 70 µε during the measurement. 
The voltage values received from the transducer were converted into 
digital signals using an analog-to-digital converter, and a vibration-
damping graph was generated on a PC. The damping periods of the 
specimens were extracted from this graph. Because the specimens 
were subjected to a mixture of various vibrations, Fourier analysis 
was applied to extract only the vibration data. Analysis was then 
performed using Origin2021 software to obtain the frequencies and 
amplitudes, and the logarithmic damping rate was derived using the 
damping method. Figure 3 shows the vibration measurement directions. 
The logarithmic damping rates in the A1A2, B1B2, and C1C2 directions 
were measured, and the vibration absorbency in each direction was 
evaluated for the as-built and post-heat-treated specimens. 

 

 
Figure 1. (a) Scanning and building directions and (b) appearance of the as-
built cube50 specimen. 

   
Figure 2. Schematic and appearance of the developed device for simultaneous multi-directional vibration measurements. 
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Figure 3. Vibration measurement directions using the developed device. 

3.  Results and discussion 
 

Figure 4 presents optical micrographs of the A1, B1, and C1 planes 
of the as-built specimens under different base-plate temperatures. 
On the A1 plane, although traces of U-shaped melt-pool boundaries 
were observed in both the as-built cube50 and cube200 specimens, 
the stacking interval of solidified melt pool was shorter at a preheating 
temperature of 200°C than at 50°C. Similarly, a shorter stacking interval 
was observed for the as-built cube200 than for cube50 on the C1 plane. 
However, practically no difference was observed in the solidification 
morphology of the melt pool in the as-built cube200 and cube50 on 
the B1 plane. According to the literature, the base-plate preheating 
temperature is related to melt pool geometry. Higher preheating 
temperature induces deeper and wider melt pools as well as low cooling 
rates [12]. However, if the stacking thickness during manufacturing 
is constant, although the depth of melt pool is different, the stacking 
interval of solidified melt pool should also be constant. Therefore, 
it is considered that the height of solidified melt pool was changed by 
different preheating temperature of base plate and then higher preheating 
temperature leaded to be lower solidified melt pool in height. In fact, 
it has been reported that higher preheating temperature reduced the 
contact angle of solidified melt pool track [13]. The smaller the contact 
angle was, the lower the height of solidified melt pool track was [14]. 

Figure 5 shows the optical micrographs of the A1 planes of the 
as-built and post-heat-treated specimens under different base-plate 
temperatures. Following post-heat treatment, equiaxed grains were 
observed in both cube200 and cube50. In addition, the acicular phase 

appeared as martensite inside the equiaxed grains of the post-heat-
treated cube200 and cube50.  

Figure 6 shows the XRD profiles of the A1 planes inside the as-
built and post-heat-treated cube50. In the as-built cube50, the hcp 
phase was detected, but bcc phase was not. In contrast, not only the hcp 
phase but also bcc phase was detected in the post-heat-treated cube50. 
Further, the peaks of hcp phase were shifted slightly and became sharper 
by post-heat-treatment. The bcc phase can be identified as β phase, 
but hcp phase is possible to be α or α’ martensite. Matsumoto et al. 
have reported that the broad peaks and peak splitting of hcp reflections 
could be observed by XRD and corresponding to coexistence of α and 
α’ martensite in Ti-6Al-4V alloy quenched from 1223 K, which is a 
temperature just below β transus at 1268 K [15]. Moreover, Kaschel et al. 
have indicated by In-situ XRD that the splitting of (0002)α peak occurs 
when the onset of β phase formation and α’ martensite decomposition 
is demonstrated [16]. They have proposed that this peak splitting is 
derived from the variation of c/a ratio of hcp lattice due to the alloying 
element partitioning. The c/a ratios of α’ martensite in the as-built 
specimen and of α in the annealed specimen (after the in-situ XRD) for 
a LPBF-AMed Ti-6Al-4V alloy have been reported to be 1.588476 and 
1.620643, respectively. According to these reportes, the decomposition 
from α’ martensite to α and β phases occurred probably during cooling 
in this study because the specimens were relatively large and thus the 
cooling rate inside was not sufficient for α’ martensite formation despite 
water quenching. Therefore, the as-built cube200 and cube50 overall 
consisted of α and/or α’ martensite, but α’ martensite near surface and α 
and β phases inside formed for the post-heat-treated cube200 and cube50. 

 

 

Figure 4. Optical micrographs of A1, B1, and C1 planes of the as-built Ti-6Al-4V alloy specimens under different base-plate temperatures. 
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Figure 5. Optical micrographs of A1 planes of the as-built and post-heat-treated Ti-6Al-4V alloy specimens under different base-plate temperatures
 

 

Figure 6. XRD profiles of A1 planes inside the as-built and post-heat-treated 
Ti-6Al-4V alloy specimens (cube50) under different base-plate temperatures. 

 
Figure 7 shows the logarithmic damping rates of the as-built and 

post-heat-treated specimens. For the as-built cube50 and cube200, large 
differences were observed in the logarithmic damping rates depending on 
the direction of the measurement. For both specimens, the highest value 
was obtained in the C1C2 direction followed by the A1A2 direction, and 
the lowest values were obtained in the B1B2-a and B1B2-b directions. 
In terms of the effects of the preheating temperatures of the base 

plate, the values of the as-built cube50 tended to be higher than those 
of the as-built cube200 in all directions. By contrast, the logarithmic 
damping rates for the post-heat-treated cube50 and cube200 were 
nearly the same and independent of the direction of measurement 
and preheating temperature. In addition, the values were higher in all 
measurement directions except for the C1C2 direction for the as-built 
cube50. Results showed that the post-heat treatment could increase 
the vibration absorption of specimens to a high level and cause them 
to become isotropic. 

Figure 8 shows a schematic of the possible origin of the vibration-
absorption anisotropy of the as-built specimens. Because of the 
temperature difference between the inside and outside the melt pool, 
solidification began at the melt-pool boundary, and crystal growth 
occurred toward the inside. During the solidification and subsequent 
cooling of Ti-6Al-4V alloy, β phase is firstly crystalized in liquid before 
the α or α’ phase formation because of the stable phase at higher 
temperature. Cubic crystal grains grow in the opposite direction of 
heat flow during solidification, being preferentially aligned along the 
<100>β orientation [17]. Therefore, depending on the building condition, 
the β phase is possible to have a strong crystallographic texture along 
its growth [18,19]. However, the crystal orientation of α’ phase which 
originates from the parent β grains during cooling exhibits the Burgers 
orientation relationship and all 12 variants with almost no preferred 
variant selection could be observed in a selective laser melted Ti-6AL-4V 
alloy [18]. This alloy is an α+β-type alloy with higher α stability and 
thus the volume fraction of α or α’ phase is very high. Therefore, it is 
considered that the strong vibration-absorption anisotropy of the as-
built specimens is not caused by crystallographic texture in this study. 
Other possibility of factor causing vibration-absorption anisotropy 
of the as-built specimens is an inherent microstructure consisting of 
α’ martensite such as distribution, density, size etc., relating to a rapid 
cooling and multiple reheating/cooling cycles. The lower the preheating 
temperature of the base plate during manufacturing, the greater was 
the temperature gradient at the boundary of the melt pool. A previous 
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study reported that the preheating temperature affects the phase 
constitution of as-built Ti-6Al-4V alloy fabricated by LPBF. The 
α+β microstructures tended to be formed when the preheating 
temperature was set to be at 200°C [20]. Therefore, the amount of 
α’ martensite was probably larger for as-built cube50 than cube200. 
Further, due to the layer-by-layer deposition in LPBF process, as a 
new layer is deposited, the primary α’ martensite is formed in the melt 
pool during cooling after solidification and a narrow region close to 
the melt pool boundary reaches temperatures above the β-transus 
temperature of Ti-6Al-4V alloy so that the primary α’ martensite 
formed in the preceding solidified layer transforms to the β phase. 
Then, as the laser beam moves away, this β phase transforms to the 
secondary α’ martensite under a rapid cooling condition. Moreover, 
the region where the secondary α’ martensite formed is reheated 
and such the heat affected regions result in the tertiary α’ martensite 
formation [10]. The size of primary α’ martensite including high 
density of dislocation is larger, while the secondary α’ martensite is 
twinned on fine scale and the tertiary α’ martensite is further finer phase 
[9]. Namely, the microstructures consisting of α’ martensite inside and 
near boundary of melt pool are possibly different. On the other hand, 
the α’ martensite is unstable above 200°C but the decomposition is 
very limited below 600°C. However, once the temperature is above 
900°C, the α’ martensite forms again during a rapid cooling. When 
the thermal cycle of preceding solidified layer is adjusted to a certain 
temperature range from 600°C to 800°C, the α’ martensite decomposition 
occurs during LPBF process [21]. Further, it has been reported that 
the temperature variation of Ti-6Al-4V alloy specimen was measured 
and recorded by thermocouples at three measuring locations (start, 
middle, and end points of the laser track) during the direct material 
deposition process. The temperature of specimen at the middle point 
was higher than those at the start and end points during the cooling 
cycle, due to the different heat dissipation condition [22]. The heat 
dissipation condition was poor at the middle point, which was surrounded 
by Ti-6Al-4V alloy with low thermal conductivity. The preheating 
temperature of 200°C rather than that of 50°C is likely to decompose 
or not to form the α’ martensite due to the reduced temperature gradient 
in this study. Similar microstructural evolution (decomposition to α+β 
phases) is also likely to occur at the center part of specimens due to 
heat accumulation. According to the above discussion, because heat 
accumulation is easy to occur inside than near surface of the specimen 
during LPBF process, the α’ martensite is considered more likely 

to decompose at the bottom of the melt pool than at its side by the 
thermal cycles. The α’ martensite is then distributed continuously at 
the side of the melt pool along the building direction. However, the 
experimental results are not enough for this proposed origin of the 
vibration-absorption anisotropy of the as-built specimens. The micro-
structural detail will be investigated more deeply in future.  

The mechanisms of vibration damping in metallic materials are 
classified into composite, dislocation, ferromagnetic, and twinning 
types, depending on their microstructural characteristics [23]. In this 
study, the effects of defects such as twinning interfaces and dislocations 
formed in association with martensitic transformation, as in Ti-Nb 
binary alloys [7,8] increase the internal friction and vibration absorption. 
On the plane perpendicular to the C1C2 direction, where the vibration 
absorption was the highest, a successive region covered with the α’ 
martensite at the side of the melt-pool boundary may have formed. 
This region was sandwiched multiple times to form a mille-feuille-
like structure, playing effectively the role in damping vibration. The 
distance between them is longer for the as-built cube200 than for the 
as-built cube50 because the width of melt pool is larger as shown in 
Figure 4. By contrast, the occupancy of α’ martensite in the planes 
perpendicular to the B1B2 and A1A2 directions, where the vibration 
absorption was low, was lower than that in the plane perpendicular 
to the C1C2 direction. Therefore, the vibration absorbency is higher 
for the as-built cube50 than the as-built cube200. 
 

 

Figure 7. Logarithmic damping rates of the as-built and post-heat-treated 
Ti-6Al-4V alloy specimens. 

 

 

Figure 8. Schematic of a possible origin of vibration absorption anisotropy caused by microstructure of the as-built Ti-6Al-4V alloy specimens. 
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In the post-heat-treated cube50 and cube200, the vibration 
absorption was nearly equal in all directions. This was attributed to 
the isotropic distribution of α’ martensite with respect to the surface 
formed in the specimen by solution treatment followed by water 
quenching. In addition, the post-heat treatment significantly increased 
the vibration absorbency in all directions, excluding the C1C2 direction 
of the cube50. This result could be attributed to an increase in the 
amount of α’ martensite in the plane perpendicular to the vibration 
direction, although decreasing it in the C1C2 direction due to the 
decomposition to α and β phases inside the specimen. 

 
4.  Conclusion 
 

This study evaluated the vibration absorption of a Ti-6Al-4V alloy 
fabricated using LPBF, which is a representative AM technology for 
metals. The effect of solution treatment followed by water quenching 
on its vibration absorption was then investigated. The following results 
were obtained: 

1) The vibration absorption of as-built Ti-6Al-4V alloy under 
a base-plate temperature of 50°C was higher than that under 200°C. 

2) Martensite distribution may have been localized near the side 
of the melt pool in the as-built Ti-6Al-4V alloy, resulting in strong 
anisotropic vibration absorption. 

3) Following post-heat treatment (solution treatment followed by 
water quenching), martensite was isotropically distributed with respect 
to the specimen surface of the Ti-6Al-4V alloy such that the anisotropy 
of vibration absorption was drastically reduced, and high vibration 
absorption was obtained in all directions. 
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