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Abstract: In this paper, we investigated the effect of the different sintering techniques including
vacuum sintering, capsule-free hot isostatic pressing (HIP), and capsule HIP on the microstructure
and mechanical properties of Ti6Al4V alloy. The obtained results indicated that full density Ti6Al4V
alloy could be obtained by using capsule HIP technique. The alloy sintered by capsule HIP had
the highest hardness (~405 HV) and compressive yield strength (~1056 MPa). It is interesting that
the geometry has a significant influence on the relative density and mechanical properties of the
alloy sintered by the capsule-free HIP. The relative density, hardness, and compressive yield strength
rise from center to periphery of the specimen. This is attributed to the heating and pressing in the
capsule-free, which are external, leading to the densification processes starting from the outside to
the inner parts of the pressed specimen. Using theoretical prediction with Gibson and Ashby power
law found that the yield strength of the alloy sintered by capsule-HIP technique is much lower than
that of the calculated value due to the formation of the coarse lamellar microstructure of o-Ti grains.

Keywords: sintering; hot isostatic pressing; Ti6Al4V and microstructure; mechanical properties

1. Introduction

Ti6Al4V alloy has exhibited unique properties such as high specific strength, excellent fracture
toughness, excellent corrosion resistance, and good biocompatibility. Ti6Al4V alloy has been widely
used in many industry sectors such as automobile, aerospace, and biomedical [1,2]. In fact, Ti6Al4V
alloy has demonstrated the significant improvement both in the energy efficiency and in the lifetime
of the specific components due to their own lightweight and high strength. Two conventional
methods including forging and casting are used to fabricate the titanium or titanium alloy based
components. The casting is more commonly used in comparison with the forging due to the high
potential process of the complex structural components and high utilization of raw materials [3,4].
The powder metallurgy (PM) techniques such as vacuum sintering, hot isostatic pressure (HIP),
channel angular pressure, and spark plasma sintering (SPS) have been widely using to fabricate
the dense and porous Ti6Al4V components [5-12]. Up to now, many studies have been done to
find the best technique to fabricate Ti6Al4V. Beside of these conventional techniques, some new
technologies have been developed for manufacturing the Ti alloys such as selective laser melting
(SLM) and electron beam melting (EBM). Although considered as the innovative industrial production
technologies, they have not been widely used compared to the conventional techniques due to the
complicated and expensive equipment [13,14]. Compared to the new technologies, the conventional
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PM techniques usually cause some disadvantages such as porosity and composition segregation, which
reduce the mechanical properties of the components and difficult to be removed during the fabrication
process [10-12]. Many studies have focused on controlling the porosity (shape, size, and volume
fraction) and the microstructures problems like martensitic microstructures and/or shape and size of
a+f3 phases by changing some sintering parameters such as heating rate, particle size, pressure, and
temperature [15-17]. Xu and Nash [18] have studied the effect of the heating rates on the Ti6Al4V
alloy sintered by vacuum sintering. The obtained results demonstrated the densification is driven
by the lattice diffusion mechanism. Cabezas-Villa et al. investigated the mechanical properties of
Ti6Al4V powders with different particle sizes [19]. Recently, HIP technique has been extensively
utilized to fabricate Ti6Al4V alloy in a wide range of industries due to the possibility in producing
complex shape, fully dense components, and the potential economic advantages [20-23]. Delo and
Piehler [24] proposed the sintering model during HIP with early stage of Ti6Al4V powder compacts.
Zhang et al. [25] investigated the effect of the temperature on the microstructure and mechanical
properties of Ti6Al4V alloy. Xu et al. studied the effect of the cooling rate on microstructure and
properties of Ti6Al4V alloy from atomized powder [11]. Most of the previous studies on Ti6Al4V
mainly focus on the effect of the sintering parameters on the microstructure and mechanical properties
of the alloy sintered by a specific sintering technique. At present, there are no comparative studies
on the effect of different sintering techniques on the microstructure and mechanical properties of
Ti6Al4V alloy.

Thus, this work investigates the effect of the different sintering techniques including vacuum
sintering, capsule-free HIP, and capsule HIP on the microstructure and mechanical properties of
Ti6Al4V alloys. The microstructure was characterized by scanning electron microscopy and optical
microscopy method. The mechanical properties were evaluated through hardness and compression
tests on the different positions of the sintered specimens.

2. Materials and Methods

The consolidation process of Ti6Al4V alloy by different sintering techniques including vacuum
sintering, capsule-free HIP, and capsule HIP is shown in Figure 1. For vacuum sintering, commercial
Ti6Al4V alloy powder with an average particle size of 45 pm (Figure 2a), supplied by Kiswel Co. Ltd.
(Seoul, Korea) was compacted in a cylindrical mold to obtain pellets with 12 mm in height and 22 mm
in diameter under a load of 200 MPa for 5 s. The obtained pellets were sintered in a vacuum furnace at
1100 °C with a heating rate of 10 °C/min for 3 h in vacuum (~2 X 1073 Pa) then cooling down to room
temperature. For capsule-free HIP, the capsule-free HIP (AIP6-30 H, American Isostatic Presses Inc,
Ohio, USA) were used to reconsolidate the vacuum sintered Ti6Al4V alloy specimens. The specimens
were put in the chamber and heated (10 °C/min) up to 1100 °C, then holding for 2 h dwell after that
applying the pressing process under a load of 100 MPa for 15 min at this temperature to obtain the
capsule-free HIP samples. For capsule HIP, Ti6Al4V alloy powders were first filled into cylindrical
low carbon steel containers with a size of 22 mm in diameter and 15 mm in height, then degassed at
300 °C for 3 h at 1073 Pa vacuum level. The sealed powders were introduced in the HIP chamber then
heated at 1100 °C under vacuum. The temperature of 1100 °C was kept for 2 h and followed by 15 min
pressing with a load of 100 MPa to obtain the capsule HIP samples. The specimens sintered by three
different techniques were cut and polished down to a shape of 10 mm in height and 20 mm in diameter
as shown in Figure 2b.
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Figure 1. Fabrication process of Ti6Al4V alloys consolidated by different sintering techniques.
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Figure 2. (a) SEM image of Ti6Al4V powder, (b) optical picture of Ti6Al4V alloy after sintering, and (c)
schematic of cutting process for the test specimen.

The testing samples were selected at three positions including periphery, middle, and center of
the sintered specimens to investigate the effect of geometry on the microstructure and mechanical
properties of the sintered specimens. The cylindrical samples cut out from the periphery, middle, and
center of the specimen by using a wire-cutting machine. The schematic of the cutting process for the test
samples with 4 mm in diameter and 10 mm in height is shown in Figure 2c. The phase compositions of
the sintered specimens were recorded by the X-ray diffraction technique using an ARL EQUINOX 1000
X-ray diffractometer equipped with CuK« radiation. The specimens were polished and then etched
with Kroll’s reagent (3 mL HF + 6 mL HNO; + 100 mL H,O) to observe the microstructure by using
a field emission scanning electron microscopy (FESEM, Hitachi 54800, Hitachi, Tokyo, Japan) and
an optical microscope (OM, Axiovert 40MAT, Carl Zeiss, Germany). The 2D apparent pore size was
measured using image analysis software (ImagePartner™; Saramsoft Co. Ltd., Gyeonggi-do, Korea).
The density of the sintered specimens was measured using the Archimedes method. The hardness was
measured by a Vickers hardness tester (AVK-CO, Mitutoyo, Kawasaki, Japan) under a load of 9.8 N
for 10 s. The compressive tests were performed on cylindrical specimens with 4 mm in diameter and
8 mm in height using a universal testing machine (Tinius Olsen Super L120) at a speed of 0.5 mm/min
at room temperature. The reported values on the relative density, hardness, and compressive strength
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represent the average of five measurements at the same conditions in order to ensure the repeatability
of experimental data.

3. Results

3.1. Microstructure and Phase Compositions

The microstructure of the specimens sintered by vacuum sintering, capsule-free HIP, and capsule
HIP was investigated by SEM and OM. Figure 3 shows the microstructure of the specimen sintered
by vacuum sintering at different positions from center to periphery. The microstructure is nearly the
same at all positions of the specimens. Many pores with a size of 50 um were observed and thus
implied the low densification of the specimens. Figure 4 shows the microstructure of the specimen
sintered by the capsule-free HIP. From the figure, many pores at the center of the specimen and few
pores at the periphery of the specimen are observed. The pore size was measured to be 50 um, 31 um,
and 15 um corresponding to center, middle, and periphery position of the specimens, respectively.
The decrease of the pore size from center to periphery position demonstrated that the densification
progressively increased from the periphery to the center of the specimen. This could be explained by
the effect of non-uniform forces caused a gradient in specimen densification. Indeed, the heating and
pressing in the capsule-free are the external processes resulting in the densification beginning from the
outside then progressively affecting the inner parts of the pressed specimen. The outer shell formed
during the first step screened inner parts from high pressure, and thus grains at the center and middle
position were subjected to lower pressures than the grains at periphery position [26]. Besides, the gas
holes possibly formed at the center of the specimen during the pre-compacting, and vacuum sintering
process could not be removed during the capsule-free HIP process due to the formation of the outer
shell. This is why the pore size at the center is much larger than that of the periphery position. Figure 5
shows the microstructure of the specimen sintered by capsule HIP technique. No pores could be
observed on the polished surface at all positions of the specimens that implied the good densification
of the specimen. The obtained results demonstrated that Ti6Al4V alloy could reach to full density by
using capsule HIP technique.
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Figure 3. SEM images and pore size distribution of Ti6Al4V alloy sintered by vacuum sintering at
different positions: (al, a2, a3) periphery, (b1, b2, b3) middle, and (c1, ¢2, ¢3) center of the specimen.
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Figure 4. SEM images and pore size distribution of Ti6Al4V alloy sintered by capsule-free at different
positions: (al, a2, a3) periphery, (b1, b2, b3) middle, and (c1, ¢2, ¢3) center of the specimen.

Figure 5. SEM images of Ti6Al4V alloy sintered by capsule hot isostatic pressing (HIP) at (a) low and
(b) high magnification.

Figure 6 shows the microstructure at the center position of the Ti6Al4V alloys sintered by three
different techniques. As can be seen, some pores (black area) were observed with the specimen sintered
by vacuum sintering and capsule-free HIP. The « + 3 lamellar microstructure was observed for all
specimens. The lamellar exists in both perpendicular and parallel forms. It is difficult to measure the
columnar grain size due to grain boundary is hard to identify. However, it is clear that the size of «-Ti
grains of the specimen sintered by capsule-free HIP is larger than that of the specimens sintered by
vacuum sintering and capsule HIP. The coarse lamellar microstructure of «-Ti in case of the capsule-free
HIP may negatively affect to the mechanical properties of the specimen.
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Figure 6. Microstructure of Ti6Al4V alloy sintered by different sintering techniques: (al, a2) vacuum
sintering, (b1, b2) capsule-free HIP, and (c1, ¢2) capsule HIP.

The phase composition of the sintered specimens observed by metallographic was confirmed
by XRD. XRD patterns of the specimens are shown in Figure 7. As can be seen, for all specimens,
some typical peaks of o-Ti at 26 = 35.15°, 38.72°, and 40.26°, corresponding to the (100), (002), and
(101) plane, and (-Ti peak at 39.45°, corresponding to the (002) plane, respectively, were detected.
The obtained results confirmed that the o + 3 microstructure of the specimens sintered by the different
sintering techniques are in agreement with the microscopy observation as discussed earlier. Besides,
there are no new phases which resulted from the reaction of the carbon steel container with Ti6Al4V
alloy powder were detected at all positions from center to periphery of the alloy sintered by capsule
HIP. This implied that the effect of interstitial elements and the effect of the dissolution of the carbon
steel container during the capsule HIP process on the microstructure and mechanical behavior could

be ignored.
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Figure 7. XRD patterns of Ti6Al4V alloy consolidated by vacuum sintering (a), capsule-free HIP (b),
and capsule HIP (c).
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3.2. Mechanical Properties

Figure 8 shows the relative density of Ti6Al4V alloy sintered by different sintering techniques
versus different positions of the specimens. As can be seen, the relative density of the specimen
sintered by vacuum sintering at the different positions is nearly the same of about 84%. Similarly,
the specimens sintered by capsule HIP have the relative density in the range from 99.2% to 99.81%
at different positions. In contrary, the relative density of the specimens sintered by capsule-free HIP
is different from the center to the periphery position. The relative density increases from the center
(85%) to periphery (96%) of the specimen. The change of the relative density versus different positions
is consistent with the difference in the microstructure of the specimens sintered by capsule-free HIP.
At the center, many pores with large size are observed that indicated the low densification. In contrary,
the size of the pores at the periphery area is smaller, which implied the higher densification and thus
improved the relative density of the specimens. The relative density of the specimens consolidated
by vacuum sintering and capsule HIP is nearly similar in all positions as resulted from the uniform
microstructure of the specimen. In conclusion, the capsule-free HIP has little contribution to relative
density due to low densification at the center of the specimens; meanwhile, the specimen can reach full
density by using capsule HIP technique.
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Figure 8. Relative density of Ti6Al4V alloy sintered by different sintering techniques versus different
positions of the specimens.

Figure 9 shows the hardness of Ti6Al4V alloy sintered by different sintering techniques versus
different positions of the specimens. As can be seen, the hardness of the specimens sintered by capsule
HIP and vacuum sintering is nearly the same in all area. The specimens consolidated by capsule HIP
has the highest hardness (~405 HV) that is 2.2 times higher than that of the specimens sintered by
vacuum sintering. In contrary, the hardness of the specimens sintered by the capsule-free HIP is not
the same at the different positions. The hardness is about 197 HV at the center, then increases to 285
HYV at the middle area, and finally reaches up to 334 HV at the periphery of the specimens. The change
in the hardness of the specimens sintered by capsule-free HIP could be due to the difference in the
microstructure and the relative density as discussed in the previous sections.

Figure 10a—c shows the stress-strain compression curves at the middle position of Ti6Al4V alloy
sintered by different techniques. The yield strength was measured to be 575 MPa, 628 MPa, and 1056
MPa, corresponding to the specimens sintered by vacuum sintering, capsule-free HIP, and capsule
HIP, respectively. This means the specimens sintered by capsule HIP having the highest yield strength,
which is nearly 1.85 times and 1.68 times higher compared to that of the specimens sintered by
vacuum sintering and capsule-free HIP. The obtained results are consistent with the hardness and
relative density of the specimens. The specimens with higher relative density have higher mechanical
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properties. The effect of geometry on the compressive strength was investigated. Figure 10d shows
the yield strength of specimens sintered by different sintering techniques versus different positions
of the specimens. According to the figure, the yield strength of the specimens sintered by vacuum
sintering and capsule HIP increases from center to periphery, corresponding to the slope of 7.3 and
7.4, respectively. This means the yield strength changed slightly from center to periphery of the
specimens. This could have resulted from the uniform microstructure at all positions of the two
mentioned specimens. In contrary, the yield strength of the specimens sintered by capsule-free HIP
has an obvious rise from the center to the periphery with a slope of 52.5. This is nearly 7.2 times higher
than that of the specimens sintered by vacuum sintering and capsule HIP techniques. The significant
increase in yield strength is attributed to the increase in the relative density from the center to periphery
of the specimens as discussed in the previous section.

\:I Vacuum sinteringi:] Capsule-free HIP- Capsule HIP
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Figure 9. Vickers hardness of Ti6Al4V alloy sintered by different sintering techniques versus different
positions of the specimens.

Several models based on Gibson and Ashby power law are usually used to estimate the effect
of the relative density on the mechanical properties of Ti6Al4V alloy [27-29]. The models take into
account some parameters such as the shape, size, and volume fraction of the pore, etc. However, these
parameters are hardly assessed and thus the models usually work for a specific proposed system.
Two common models are expressed by the Equations (1) and (2) for yield strength (oys) as the following:

o
9 _ P21+ V2 @
Op
o n
i (p) @)
Gi =0.3243.19 x 10 exp(0.08 + p) ©)
[

where o is the measured yield strength, o, (21070 MPa [30]) is defined as theoretical compressive yield
strength, and C is constants of proportionality [29]. Figure 10e plots the normalized experimental
yield strength against relative density. The best fitting data gave by Equation (1) with C = 0.5 still
overestimate the experimental ones. This could be attributed that the model mainly validates for the
porous materials having a relative density below 0.5 [30]. Fitting the data to the model expressed by
Equation (2) gives a relationship with an exponent of 3.5. The calculated values are well fitted with the
experimental data for the yield strength of the specimens sintered by vacuum sintering and capsule
HIP. It is noted that the values obtained from Equation (2) still slightly higher than some reported
experimental values [6,19]. In term of this, we proposed a new correction given by Equation (3).
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The calculated values estimated from Equation (3) are a good match not only with reported values
but also with the experimental values of the specimens sintered by vacuum sintering and capsule
HIP. However, it is interesting to note that the measured yield strengths of the specimen sintered
by capsule-free HIP at all positions are still significantly lower than those of the calculated data
given by three equations. This was attributed to the coarse lamellar microstructure of x-Ti of the
specimens consolidated by capsule-free HIP that caused the reduction in the yield strength compared
to other techniques.
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Figure 10. True stress—strain compression curves at middle position of Ti6Al4V alloy sintered by
different techniques (a) vacuum sintering, (b) capsule-free HIP, and (c) capsule HIP, and (d) yield
strength of Ti6Al4V alloy versus different positions of the specimens and (e) normalized yield strength
of Ti6Al4V alloy sintered by different techniques as a function of the relative density.

4. Conclusions

We have investigated the microstructure and mechanical properties of Ti6Al4V alloy sintered by
vacuum sintering, capsule-free HIP, and capsule HIP. The capsule HIP was the best technique to prepare
the full density Ti6Al4V. The relative density and mechanical properties of the specimen sintered by
capsule-free HIP are significantly influenced by the geometry. The relative density, hardness, and
compressive yield strength rise from center to periphery due to the better densification at outside
part than the inner part of the specimen. The calculated results indicated that the experimental yield
strength of the specimen prepared by capsule-free HIP is much lower than that of the calculated values
due to the coarse lamellar microstructure of «-Ti grains.
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