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Abstract. Laser powder bed fusion of Ti-6Al-4V (PBF-LB/Ti-6Al-4V) alloy results in the
formation of non-equilibrium microstructures due to very high cooling rates, causing them to be
unfit for direct applications; therefore, post-heat-treatment operations are required. This paper
investigates the effects of different heat treatment operations on the microstructure, hardness and
phase composition of as-built PBF-LB/Ti-6Al-4V samples. Six sets of heat-treatment operations
have been designed in which samples have been first subjected to either above or below the beta
(B) transus zone of 980 °C, then subjected to air cooling or water quenching followed by ageing
at 510 °C. The novelty of this article is performing double quenching on as-built Ti-6Al-4V
parts. Optical microscopy, Vickers microhardness testing, and XRD analysis have been
performed on heat-treated samples for material characterization. Microstructural studies have
revealed that depending upon the cooling medium and subjected temperature during heat
treatment, the extent of dissolution of martensitic (o) needle-like phases present in as-built
samples into a-f phase varies, resulting in variation of hardness values. XRD analysis confirmed
the presence of B-phase along with the a-phase in the matrix in air-cooled heat-treated samples.
Maximum hardness was obtained in the case when the sample was solutionized at 1050 °C,
followed by water quenching and ageing due to the formation of intermetallic precipitates.

Keywords: Heat treatment, Ti-6Al-4V, Selective laser melting, Double quenching, Phase
transformation

1. Introduction

Ti-6Al-4V is one of the most sought-after and widely used titanium alloys in aerospace and biomedical
applications due to its high strength-to-weight ratio, good corrosion resistance, and biocompatibility. It
is also referred to as alpha(a)+beta(B) titanium alloy because it consists of a combination of both phases
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in its microstructure. The a-phase is a hexagonal close-packed crystal structure stabilized by aluminium
(6 weight %), whereas the B-phase is a body-centred cubic crystal structure stabilized by vanadium (4
weight %) [1]. The production of Ti-6Al-4V alloys by conventional manufacturing is challenging due
to its high melting temperature, low thermal conductivity, and high chemical reactivity. Moreover, the
high cost of manufacturing, longer lead time and suboptimal use of raw materials are major barriers to
traditional manufacturing routes. Additive manufacturing (AM) solves these issues and produces parts
with complex geometries that are difficult to achieve through conventional routes, along with design
freedom for specific end-use applications [2,3]. Laser powder bed fusion (PBF-LB) is the most used
AM process for this purpose.

The microstructure of Ti-6Al-4V obtained via casting or forging consists of a mixture of alpha and
beta phases, i.e., lamellar, bimodal or equiaxed, which can be later altered by adjusting the thermal
history or processing routes, such as thermo-mechanical processing [1]. However, in the case of PBF-
LB, due to the very high cooling rate of the melt pool (range of 10° to 10° kelvin/second), the obtained
microstructure consists of mostly acicular (o) martensitic phase, which results in high-strength but
minimal ductility [4]. Also, due to very short interaction time and localized heat inputs, the parts
fabricated by PBF-LB have high thermal gradients resulting in thermal stress build-up. The as-printed
microstructure consists of non-equilibrium phases accompanied by segregation and is anisotropic due
to rapid solidification and complex heating-cooling cycles involved during AM. Therefore, a post-heat
treatment operation is required to eliminate residual stress and enhance the mechanical properties of the
as-built part by obtaining a microstructure that can yield an optimum combination of ductility and
enhanced structural stability [1].

In the case of Ti-6Al-4V, the a-p phase matrix transform entirely into p phase above 980 °C, which
is referred to as B-transus temperature [5]. In this study, several post-heat treatment operations, including
air cooling and water quenching followed by ageing, have been performed on PBF-LB/Ti-6Al-4V
samples to understand the effect of cooling or quenching from above or below the B transus temperature.
Also, the effects of double quenching, which has not been reported before, have been investigated in
this study.

2. Materials and Methods
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Figure 1. a) CAD image showing specimens orientation before printing and highlighting cross-section
planes used for study b) PBF-LB/Ti-6Al-4V specimens with build direction along the Z-axis.

Two sets of samples with vertical (V) and horizontal (H) build having a diameter of 8 mm and height of
12 mm were printed using EOS M290 PBF machine as shown in Figure 1. The powder size used during
the fabrication lied between 20 to 60 um. “Chess-board pattern” scanning strategy was used during
printing, i.e., 90 degrees rotation of laser beam for every other layer of the print. This strategy was
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adopted to improve print quality by evenly distributing the heat across the entire print and minimizing
the risk of warping during printing. A laser power of 340 W with a scan speed of 1200 mm/s and a hatch
distance of 0.1 to 0.14 mm was used. The powder layer thickness during printing was 60 pum. Each as-
built sample was cut into equal halves across the cross-section planes via wire cut EDM to obtain a total
of twelve specimens (six horizontal, six vertical) out of three, each H and V, with dimensions of diameter
8 mm and height 6 mm.

Six different heat treatment operations, as shown in Table 1, were performed on different sets of
samples, each set containing one horizontal and one vertical sample. The heating temperatures were
chosen in accordance to study the effect of air-cooling and quenching followed by ageing from the
above/below transus temperature of 980 °C. All heat treatments were performed in a box furnace without
vacuum manufactured by Nano Tec Pvt. Ltd. with a heating rate of 7 °C/minute.

Table 1. Details on the six distinct heat treatments employed for each set of PBF-LB specimens.

Treatment Heat treatment details
number
1//2//3 | Holding for 30 min at 730 °C // 950 °C // 1050 °C, followed by AC to room temperature

415 Holding for 30 min at 950 °C // 1050 °C, followed by WQ + Ageing at 510 °C for 8 h
and then AC to room temperature

6 Holding for 30 min at 1050 °C followed by WQ + Solution treatment at 950 °C for 30

min followed by WQ + Ageing at 510 °C for 8 h and then AC to room temperature

Note: here AC and WQ denote air cooling and water quenching, respectively.

Microscopic analysis was performed after every heat treatment step and also on the as-printed
samples. Samples were ground to a fine 2000-grit size using SiC paper and were polished using alumina
suspension. Kroll’s reagent with a composition of 2 ml H.F., 6 ml HNOs and 50 mL distilled water was
used to reveal the microstructure of polished samples. Microscopy was performed using Olympus
optical microscope with an image analyzer. Microhardness testing was performed on hot-mounted
samples using Vickers microhardness testing with an applied load of 1000 gram-force with a ten-second
dwell time. Eight indentations were marked during testing, and an average hardness value and mean
standard deviation were calculated. Further, XRD was performed on heat-treated samples to identify the
type of phase formed using Cu-Ka radiation for recording the data in a 26 range of 20°to 90°.

3. Results and discussion

3.1. As-built PBF-LB/Ti-6Al-4V

The observed microstructure for the as-built parts is shown in Figure 2. The unetched surface was
observed under the microscope to reveal the porosities formed during the printing process, possibly due
to lack of fusion, partial melting or due to entrapment of gases. As shown earlier in Figure 1, the
horizontally printed samples are cross-sectioned in such a way that the plane of microstructural
examination lies along the build direction, whereas in the case of vertical samples, the cross-section
plane is along the laser-scanning direction. The slightly higher average hardness of the horizontal sample
(356.4 + 6.9 HV) compared to the vertical sample (350.6 + 7.9 HV) is due to the faster cooling of the
material resulting from the higher thermal flows present in the former build configuration [6].
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Figure 2. a) Polished unetched surface of the as-built part (horizontal) b) Microstructure of horizontal
sample revealing columnar grains along the build direction ¢) Chess-board pattern observed in the

cross-sectioned vertical sample (perpendicular to build direction)

Rapid cooling during laser powder bed fusion process resulted in the formation of acicular
martensite (a), transforming from the original columnar {3 grains. The formation of a columnar shape is

attributed to the epitaxial growth of the initial B phase caused by successive layer deposition and
directional cooling in the build direction, as shown in Figure 2(b). Chess-board patterns, as highlighted

in Figure 2(c), have been formed due to the adopted laser scanning strategy used during the printing.
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Figure 3. The XRD patterns of the heat-treated samples (H-horizontal, V-vertical, AC-air cooled,
WQ-water quenched).
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3.2. Effects of air cooling on PBF-LB/Ti-6Al-4V

X-ray diffraction (XRD) patterns of heat-treated samples have been shown in Figure 3. Since both o
and o phases have the same hexagonal close-packed crystalline structure, they produce XRD peaks at
the same angular position, so they have been indicated as a/a’ in the XRD pattern [7]. The presence of
the B phase, as indicated by the XRD study and the shifting of XRD peaks towards the left with an
increase in soaking temperature has proved that the air cooling-based heat treatment results in the
decomposition of acicular martensitic (a') into a+p, and the transformation of o into p phase increases
with increase in solution temperature. According to previous studies, the equilibrium a-fractions get
reduced to 23 % at 950 ° C from around 90 % at 730 ° C [8].

As highlighted in Figure 4, the microstructural studies indicate the same outcome. Acicular
martensitic (o) are no longer visible in samples cooled from 950 °C, and a lamellar o+ B phase is formed.
Also, the prior B grains begin to disappear during heat treatment and get diffused at 950 ° C. When the
sample is heated above the B-transus temperature of 980 °C, i.e. at 1050 °C, semi-equiaxed [ grains are
formed by replacing the columnar  grains, resulting in an a-Widmanstétten microstructure or basket
weave structure. Also, the chess-board pattern in the microstructure of vertical samples begins to
disappear by air cooling from 950 ° C and vanishes at 1050 ° C.

The measured Vickers microhardness of heat-treated samples has been represented in Figure 5.
The decrease in the hardness of as-built specimens upon air cooling is due to the acicular martensitic
(a") phase decomposition. With an increase in solution temperature from 730 ° C to 950 ° C, a further
decrease in values was observed due to the increased B phase in the matrix. But at 1050 ° C, an increase
in hardness was observed due to formation of Widmanstatten microstructure [9].
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Figure 4. The observed microstructures of the samples after being heat-treated for 30 minutes at a)
730 ° C, b) 950 ° C, c) 1050 ° C, followed by air-cooling (AC-air cooling, H-horizontal, VV-vertical)
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Figure 5. Vickers microhardness of heat-treated specimens (air cooled) compared to as-built
specimens.

3.3. Effects of quenching and ageing on PBF-LB/Ti-6Al-4V

Since the martensite start temperature (Ms) for Ti-6Al-4V is ~900 °C [10], upon quenching above this
temperature, martensitic phases were observed in the matrix. Upon quenching from 950 °C, a
microstructure containing lamellar o phase along with acicular martensite (o) needles were observed,
as shown in Figure 6(a, b). Upon subjecting the specimens to a solution temperature below the p-transus
temperature, almost all the previous existing acicular martensite (o) (formed during PBF-LB) get
decomposed into o and  phases, and when the quenching is performed from above Ms, the B phase
transform into martensitic phase, leaving behind the primary o into the matrix. The prior
microstructure containing the laser scan pattern, as shown in Figure 6(b), was retained in this case. The
decomposition of martensitic needles was noticed upon ageing the quenched samples for 8 hours.
However, the amount of § phase formed after ageing was too low to get detected in the XRD pattern
(Figure 3).
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Figure 6. Observed microstructures after as-built specimens were subjected to quenching from
different temperatures followed by ageing a,b) at 950 °C c,d) at 1050 °C (H-horizontal, V-vertical,
WQ-water quenched)

In the case of quenching from above the B-transus temperature, i.e., from 1050 °C, a 100 %
martensitic phase originating from the new equiaxed 3 grains was observed (Figure 6 (c, d)). Shearing
of previously existing columnar grains generated during PBF-LB took place, and the previously existing
acicular martensitic phase completely transformed into g phases upon solutionizing at 1050 ° C. Upon
quenching, this resulted in the formation of weave-type acicular (o) martensite inside equiaxed B grains.
Also, the microstructure containing the chess-board laser scan pattern vanished in this case.
Furthermore, when the samples were aged, the 3 phase was detected in the XRD (Figure 3), verifying
the decomposition of acicular o’ martensite upon ageing above 500 ° C.
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Figure 7. Vickers microhardness values calculated after quenching and ageing.

Figure 7 shows a decrease in hardness value when the samples were quenched from 950 ° C and
1050 ° C compared to as-built specimens. Since during the water-quenching, the quenching rate is much
lower than the quenching due to rapid solidification in PBF-LB, thicker martensitic needles were
observed (Figure 6) compared to as-built specimens (Figure 2). Since the finest microstructure gives
more hardness [11], a dip in hardness value is justified. Also, the samples quenched from 1050 °C
showcased higher hardness than those quenched from 950 °C because the former has a 100 % martensitic
structure, whereas the latter has acicular martensite accompanied by primary o, which leads to a softer
matrix. Moreover, upon ageing, a significant increase in hardness was noticed for both quenching
operations. This is possibly contributed by the precipitation of intermetallic Ti-Al phases in the matrix.
A previous study has shown that when a quenched Ti-6Al-4V is subjected to ageing between 500 to 900
°C, the intermetallic phases get precipitated in the matrix due to the low solubility of Al in Ti in this
temperature range [12].

3.4. Effect of double quenching followed by ageing on PBF-LB/Ti-6Al-4V

During double quenching, the samples were first solutionized above B -transus temperature. i.e., at 1050
° C. This resulted in the formation of equiaxed  grains containing weave-type acicular o’ martensite.
When the samples were again solutionized at below B-transus temperature. i.e., at 950 °C, most of
acicular o’ martensite transformed into a+p phases and upon quenching, the p phases in the matrix
transformed again into acicular o’ martensite. However, this time, compared to a normal 950 °C
quenching (Figure 6(a,b)), the observed microstructure (Figure 8(a,b)) has primary o and martensite
originating inside equiaxed B grains, which were formed when the sample was initially heated to 1050
° C. The difference in microstructures resulted in a noticeable change in hardness values of 950 °C WQ
and double-quenched samples. Also, the softer primary o phase contributed to a lower hardness of
double-quenched samples compared to as-built and 1050° C WQ.

However, unlike the ageing of 950 °C WQ and 1050 °C WQ samples, no significant changes in
hardness values were observed upon ageing the double-quenched samples (Figure 7). Also, no 3 phase
was detected this time in the XRD pattern after ageing. A possible explanation is that double quenching
can reduce the amount of precipitates (based on TiAl) that can form in the matrix by disrupting the
diffusion of alloying elements and the nucleation of precipitates. Nevertheless, more research needs to
be done in this regard to derive a conclusion.
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4. Conclusions

In this paper, a detailed study was conducted on the heat treatment of as-built PBF-LB/Ti-6Al-4V
samples. Optical microscopy, Vickers microhardness test and XRD were performed for material
characterization. The following conclusions can be derived from the study:

As-built horizontal (H) samples constitute prior B columnar grains containing acicular
martensitic phase in the matrix, whereas microstructure highlighting chess-board laser
scanning pattern was observed in as-built vertical (V) samples.

Air cooling from 730 °C, 950 °C, and 1050 °C decreases hardness values due to the
decomposition of the acicular martensitic phase into o and  phases.

Air cooling from above B-transus temperature of 980 °C results in o-Widmanstatten
microstructure, whereas from below B-transus results in lamellar a+p phase.

Water quenching from above p-transus temperature results in weave-type acicular o
martensite inside equiaxed B grains, whereas from below beta-transus results in lamellar o
phase along with acicular martensite.

Water quenching results in a decrease in hardness values as compared to as-built specimens
due to an increase in the thickness of the martensite needle due to a slower cooling rate than
PBF-LB.

Upon double quenching, the microstructure contains primary o and martensitic phases
originating inside equiaxed P grains and ageing the double-quenched samples results in no
significant change in hardness.
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