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ABSTRACT

Heat treatments tailored for additive manufactured Ti-6A1-4V can be used to attain desirable microstruc-
tures associated with superior mechanical properties. Rapid heat treatments, for example, can be used to
recrystallise the microstructure of laser powder bed fusion (L-PBF) Ti-6A1-4V to obtain refined and quasi-
equiaxed prior-p grains. In this study, we discuss the interplay between refined microstructures and the ten-
sile properties of Ti-6A1-4V specimens. The influence of individual microstructural constituents on the ten-
sile properties are examined in detail and directly compared to those found in specimens subject to conven-
tional annealing treatments. It was found that rapid heat treatments into the p phase field can significantly
refine the size of the prior-p grains found in as-built L-PBF Ti-6A1-4V, as well as alter the size and morpho-
logical arrangement of the resulting « laths. The proposed new heat treatments are clearly shown to have

strengthened the alloy with no apparent detriment to the ductility of the material.

1. Introduction

As one of the most popular titanium alloys, Ti-6Al-4V presents as a
material with high specific strength alongside excellent corrosion resis-
tance and biocompatibility; this therefore leads to a wide range of ap-
plications in the aerospace, medical, automotive and chemical indus-
tries [1-3]. Over the past decade, laser powder bed fusion (L-PBF) of
Ti-6Al-4V has attracted significant attention as a promising manufac-
turing approach, due to its ability to produce net-shape components of
complex geometry with minimal material waste [4,5].

Substantial insights into this manufacturing approach have been
provided thanks to a significant body of related research. It has previ-
ously been extensively demonstrated that by carefully optimising the
process parameters and minimising the use of recycled powders, Ti-6Al-
4V can be printed to form high quality parts with minimal microstruc-
tural defects, such that it is possible to reach near full density compo-
nents [6-8]. However, even using optimised processing parameters,
large variability is observed in the mechanical properties of as-built
parts [7,9-11]. This is because these properties are simultaneously af-
fected by various microstructural features, such as the dimension of the
prior-f grains and the morphology and size of the o/a’ phase, each of
them being laser-parameter dependant [12,13].
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Therefore, post-process heat treatments are routinely performed to
create a uniform microstructure of L-PBF Ti-6Al-4V, reduce property
variation and inform robust material models [14-17].

Typically, heat treatments utilised on L-PBF Ti-6Al-4V components
follow from the body of knowledge developed for thermo-mechanical
processing. However, this does not take into consideration the specific
microstructural attributes imparted by additive manufacturing, which
might include grain size inhomogeneities, location-specific residual
stresses and microstructural anisotropy [14]. As an example, the ASTM
F2924-14 and F3001-14 standards suggest heat treatments to be con-
ducted within the high portion of the a+ p phase field below the f-
transus temperatures [18,19]. While these high-temperature heat treat-
ments are effective to eliminate residual stress and recover the mi-
crostructure of Ti-6Al-4V, they are ineffective in refining the mi-
crostructure of the printed materials [15,16,20]. As a result, mi-
crostructural anisotropy persists, affecting mechanical properties such
as ductility, fracture toughness and fatigue [21,22]. Alternative heat
treatments tailored to L-PBF Ti-6Al-4V could enable the attainment of
superior properties owing to the unusual starting microstructure found
in the as-printed components. Zhao, Chen, Tan, Zhang, Lin and Huang
[23], for example, annealed L-PBF Ti-6Al-4V at a temperature
(980 °C) extremely close to the f} transus temperature prior to the tradi-
tional heat treatment routine, to trigger globurisation of the o phase
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which directly contributed to ductility enhancement. Another specially-
designed heat treatment for L-PBF Ti-6Al-4V was proposed by Sabban,
Bahl, Chatterjee and Suwas [24], where the authors thermally cycled
L-PBF Ti-6Al-4V in a temperature range close to the p transus tempera-
ture (between 975 °C and 875 °C) for 24h, to attain globurisation of
the a phase and ductility improvements. In these two studies, globurisa-
tion is explained as a response of the inherent dislocation sub-structure
naturally present in the martensitic phase of the printed material from
the thermal treatment [23,24]. In an effort to reduce microstructural
anisotropy, other work has demonstrated that it is possible to obtain
equiaxed p grains by conducting heat treatments above the solid phase
transformation temperature in Ti-6Al-4V, also known as the p-transus
temperature [16,20,25]. However, an unacceptable loss in strength
and ductility was observed, owing to the extensive § grain growth dur-
ing such heat treatment [16,20]. In a recent investigation, the authors
demonstrated the benefits of using rapid heat treatments (RHT) to re-
fine the prior-p grain structure via epitaxial recrystallisation, and it was
suggested that RHTs could improve the mechanical properties of the L-
PBF Ti-6Al-4V [5].

Although recently published work has demonstrated the specific ad-
vantages of tailored heat treatments for L-PBF Ti-6Al-4V, it is still un-
clear what is the most favourable microstructural arrangement for en-
hancing specific mechanical properties and which heat treatment can
deliver such microstructure. This study aims at elucidating the role of
individual microstructural constituents, and in particular the size of the
prior-f grains, on the tensile properties of L-PBF Ti-6Al-4V to define a
heat treatment protocol capable of providing a superior combination
of strength and ductility.

2. Material and methods
2.1. Materials used in this study

The materials used in this study were Ti-6Al-4V (grade 23) cylinders
of 9 mm diameter and 60 mm length produced by L-PBF at 90° build
angle to the build platform. The produced cylinders were supplied by
3T Additive Manufacturing Ltd, manufactured on an EOSINT M290
using proprietary optimised process parameters.

The chemical compositions of the as-built material were ex-
amined at various locations by Energy-Dispersive Spectroscopy
(EDS) in a Hitachi TM 3030 Scanning Electron Microscope
(SEM). Results suggest that the material consists of an average
of 90.9% Ti, 5.7% Al and 3.3% V (wt.%) well within the nomi-
nal composition range of typical Ti-6Al-4V. The p transus tem-
perature of the as-built material, i.e. the lowest equilibrium
temperature which maintains the entire material in the p phase,
was ascertained by Simultaneous Thermal Analysis (STA) using
a TA Instruments TGA-SDTQ600 analyser. Results suggest an
average measured f-transus temperature of 1013 = 5 °C.

2.2. Heat treatments of the as-built materials

In order to examine the impact of the various microstructural con-
stituents, and in particular the size of the prior-f} grains on the tensile
properties of Ti-6Al-4V, specimens were subject to specific heat treat-
ments as summarised in Table 1. The first heat treatment — hereafter
name as “CHT” (conventional heat treatment) — was carried out to es-
tablish the benchmark tensile properties of the materials used in this
study. For the CHT, samples were vacuum-sealed (O, level < 10 ppm)
in silica ampoules and then treated in a commercial muffle furnace.
Samples were heated at 10 °C/min and annealed at 925 °C for 2 h then
subsequently aged at 700 °C for 4 h. CHT was then followed by air
cooling (average cooling rate of about 7 °C/min). For the rapid heat
treatments, a bespoke induction heating setup operating within an Ar-
gon atmosphere was used [5]. This experimental set up allowed a con-
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Table 1
Summary of the five different heat treatments applied in this study.

Assigned Heating rate  Soaking temperature Cooling rate Ageing

name and time

CHT e 10 °C/min e 925 °C e 7 °C/min Yes
e 2h

RHT1 e 10 °C/s e 980 °C ® 4°C/s Yes
e 1s

RHT2 e 1005 °C Yes
e 1s

RHT3 e 1030 °C Yes
e 1s

RHT4 e 1030 °C No
e 1s

stant heating rate of 10 °C/s to a target temperature around 1000 °C
and a short dwell time in the range of seconds before cooling the sam-
ples at room temperature by Argon convection. Four distinct rapid heat
treatment were investigated (hereafter RHT1 to RHT4) with a total of
5 samples per heat treatment type. Where ageing was conducted, sam-
ples following RHT were encapsulated in silica ampoules and then aged
in a furnace. For all the heat treatments, the cooling rates reported are
the average cooling rates from the soaking temperature to 400 °C prior
to any ageing.

2.3. Microstructural characterisation

The microstructural constituents of the material under different
conditions were examined using X-ray Diffraction (XRD) via a Bruker
D8 ADVANCE device with the DAVINCI XRD system. The observation
of the typical microstructural features was carried out on the frontal
plane (XZ surface) of the specimens using a Nikon Optiphot 100 optical
microscope and a JEOL 6060LV SEM. Where needed, the average width
of the prior-p grains was measured using standard mean linear intercept
methods [26,27] on optical microscopy images, while the average
thickness of the a lath was measured using the modified mean linear in-
tercept methods, recommended by Vander Voort and Roész [26], di-
rectly on backscattered electron microscopy images.

The crystallographic texture of the specimens was investigated via
Electron Back-Scattered Diffraction (EBSD) through a JEOL 7100F
FEG-SEM with a step size of 0.5 pm, also on the frontal plane (XZ sur-
face) of the specimens for consistency. The collected data was analysed
using OIM® and the MATLAB toolbox Mtex-5.1.1. All inverse pole fig-
ures are colour coded with RD parallel to build-direction (z-axis).
Where needed, the p-phase at the high temperature was reconstructed
by back-calculation from the room temperature o/’ phase via the
Burger Orientation Relationship (BOR) as described in Ref. [28]. Dur-
ing the reconstruction, each reconstructed p grain derived from a mini-
mum of four distinct, but contiguous, a/a’ variants, with a further con-
straint on the maximum misorientation angle permitted across one re-
constructed f grain of 10°.

2.4. Tensile testing

Tensile specimens with a diameter of 4 mm and a gauge length of
20.4 mm were machined from the centre of the printed cylinders, ac-
cording to standard ASTM E8/E8M — 16a [29]. Tensile tests were then
conducted at room temperature on an Instron 5969 at a displacement
rate of 0.14 mm/min. The test direction was parallel to the build-
direction (z-axis) of the Ti-6Al-4V cylinders.

3. Results
The microstructure of L-PBF Ti-6Al-4V under different conditions

(as-built and after various heat treatments) are described in section 3.1,
including the phase constituents, morphological characteristics and
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crystallographic texture. The corresponding tensile properties in each
condition are reported in section 3.2. The influence of individual mi-
crostructural constituents on the tensile properties of L-PBF Ti-6Al-4V
are discussed in section 4.

3.1. Microstructure of L-PBF Ti-6Al-4V subject to different heat
treatments

3.1.1. Phase constituents in as-built and heat-treated L-PBF Ti-6Al-4V

Fig. 1 demonstrates the microstructural constituents under different
conditions measured via XRD analysis. The XRD spectrum suggests the
presence of only the hexagonal close-packed (hcp) phase in the as-built
specimen. For Ti-6Al-4V, the hcp pattern can be a result of either o-
phase or martensitic o, as they all share the same crystalline structure
and have similar lattice parameters [30,31]. Considering the fast cool-
ing (in excess of 10* °C/s) of the melt pool during L-PBF processing, the
hcp microstructure in Fig. 1 is interpreted as o’ . Therefore, the marten-
sitic o’ is the only detectable phase present at room temperature for as-
built L-PBF Ti-6Al-4V, i.e. the starting microstructure of the samples
prior to the heat treatments. No p-bcc phase was detected by XRD,
however, due to the low resolution of XRD, this does not rule out the
existence of undetected nanoscale p phase in the as-built microstruc-
ture.

After different heat treatments, a resemblance in the XRD patterns
of the samples is recognised, as signal peaks are detected at identical 20
angles (2Theta) in each condition. All XRD patterns reveal a combina-
tion of hep phase and bee phase. The bee pattern represents the p phase,
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Fig. 1. XRD spectra obtained from L-PBF Ti-6A1-4V subject to different heat
treatments. Marked by an inverted triangle is the distinctive (110) reflection
of the  phase of Ti-6A1-4V.
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which is clearly characterised by the (110) reflection as marked in Fig.
1. The hep pattern is interpreted as a phase, considering the fact that
the cooling rate experienced in all conditions, (7 °C/min for conven-
tional HT and 4 °C/s for RHTs) is well below the critical cooling rate
(20 °C/s) to trigger any either martensitic or massive a phase transfor-
mations.

3.1.2. Morphological changes of the prior-f grains as a function of heat
treatment

Optical microscopy images that demonstrate the typical morphol-
ogy of the prior-p grains in the samples prior to and after different heat
treatment are presented in Fig. 2. The measured average widths of the
prior-f grain in each condition are reported in Table 2. Columnar prior-
f grains extending along the build direction can be observed in as-built
L-PBF Ti-6Al-4V, as shown in Fig. 2 (a). The average measured width is
83.8 = 8.3 pm. It is well understood that the columnar morphology is
a result of the directional heat loss and the successive layer deposition
during the printing process [32]. After CHT, the columnar morphology
of the prior-f grain persists (Fig. 2b), and the measured average width
is 87.1 = 10.9 pm, similar to that observed in the as-built condition.

After each of the RHTs, the columnar morphology of the prior-p
grains develops into a refined quasi-equiaxed morphology. Such devel-
opment can be observed qualitatively in the optical microscope images
(Fig. 2 (c)-(f)), and is quantified in terms of reduction in the measured
average grain width in Table 2. A suggested mechanism that can lead
to the observed refinement is discussed in our previous work, where it is
proposed that epitaxial recrystallisation could take place during RHT
[5]. In particular, it is thought that the high density of dislocation in
the as-built microstructure would initiate epitaxial recrystallisation of
a sub-grain inside the original prior-p grain. The newly formed recrys-
tallised f are highly misoriented with respect to the surrounding recov-
ered p and therefore their growth during RHT reduces the overall tex-
ture and columnar morphology observed in the micrographs [5]. Addi-
tionally, RHTs expose the specimens to high temperatures (near or
above the p transus temperature) for a short duration, greatly limiting
the growth of the p phase and therefore allowing the preservation of a
refined recrystallised structure upon cooling [5].

The transition of columnar to quasi-equiaxed prior-f grains is maxi-
mum when the peak temperature of the RHT exceeds the p transus tem-
perature, with RHT2 to RHT4 all showing comparable prior-p grain
widths. When the peak temperature is close, but lower, than the f tran-
sus temperature (RHT1), columnar grains are observed to persist, sug-
gesting that the remnants of the a phase may pin, at least partially, the
original prior-f grain boundaries, thus resulting in a limited morpholog-
ical change of the f§ during the heat treatment.

The average prior-f grain size achieved after RHT is not only signifi-
cantly smaller than the original as-built status but also considerably
smaller than that reported in a number of studies where the microstruc-
ture of L-PBF Ti-6Al-4V (printed on similar EOS platforms) was investi-
gated (Table 3) [33-37].

3.1.3. Morphological changes of the a and 3 phases as a function of heat
treatment

The morphology of the o and p phases in L-PBF Ti-6Al-4V is
also significantly influenced by the different heat treatments.
The starting microstructure within the prior-p grain in the as-
built condition, as revealed in Fig. 2 (a) and (b), is fine, acicular
o’ needles with an average thickness close to 1 pm. The inter-
weaved pattern of o’ martensite suggests a concurrent growth of
different variants during cooling [32]. After CHT, the mi-
crostructure within the prior-p grain develops to multi-
crossover a and f lamellae, as characterised in Fig. 3 (c) and (d),
forming a typical basketweave arrangement. The literature sug-
gests that when o martensite decomposes during the heat treat-
ment, the a phase will be first nucleated within the acicular o’
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Fig. 2. Optical microscope images that show the typical morphology of the prior-p grains after different heat treatments: (a) as-built and following, (b) CHT,
(c) RHT1, (d) RHT2, (e) RHT3 and (f) after RHT4. Both specimens in as-built condition and after conventional HT present columnar prior-p grains parallel to
the build direction, while all specimens after RHTs display a refined quasi-equiaxed morphology.

Table 2
The measured average width of the prior-p grains after different heat treatments.
As-built CHT RHT1 RHT2 RHT3 RHT4
Results (pm) 83.8 = 8.3 87.1 = 10.9 40.6 = 9.5 343 = 5.1 36.1 = 8.0 319 = 3.9

Table 3
Average prior-f grain size reported in related studies of L-PBF
Ti-6Al-4V printed on EOS platforms.

The average width of the
prior-f grain (um)

Source

Wilson-Heid, Wang, McCornac ~ 96.3 + 18.0
and Beegse [37]
Neikter, Akerfeldt, Pederson, 87 =10

Antti and Sandell [35]
Ta[lo, ]Zhong, Li, Hu, Gong and Xu 139.7 = 11.2
33
Dilip, Zhang, Teng, Zeng, 80 - 200
Robinson, Pal and Stucker [36]

phase following an expected recovery mechanism [15]. During
this process, vanadium would diffuse from the newly formed o
phase and be concentrated at the a phase boundary [15]. Such
element partitioning then leads to the formation of p phase in
the vanadium-rich area between o lamellae [15]. The elements
partitioning can be evidenced by the different contrast showing
in the SEM images (Fig. 3 (c) and (d)), where the vanadium en-
riched area has a lighter appearance. Consequently, the inter-
weaved pattern of the as-built o’ martensite is expected to be

eventually replaced by the observed interlaced arrangement of
a and p lamellae.

Lamellae of the « phase with an average thickness of 1.4 + 0.1 pm
can be clearly characterised in Fig. 3 (c) and (d), which presents a sig-
nificant coarsening when compared with the thickness of the initial o’
martensite (smaller than 1 pm). The observed coarsening is believed to
be driven by the reduction of interfacial energy and the competitive
growth between a and f phases at high temperature [15]. This mecha-
nism can also be evidenced by the presence of apparent equiaxed o
grains, indicated by white arrows in Fig. 3 (d). The change in morphol-
ogy of the a phase during heat treatment has been the subject of ongo-
ing investigations and might be related to the globularising phenomena
described in related literature [23,24], or associated with the growth of
the a that is perpendicular to the observed surface.

After each of the applied RHT, parallel lamellar o+ § is identified to
be the predominant structure within prior-f grains in all specimens, as
presented in Fig. 4. The average thickness of the a lath measured in
each condition is summarised in Table 4. The average thickness of the o
lath after RHTs is clearly smaller than that after conventional HT
(0.6 pm vs 1.4 pm). Continuous grain boundary o with an average
thickness of about 2-3 um can also be observed at each specimen, as in-
dicated by the white arrows in Fig. 4. These features, not present either
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Fig. 3. Backscatter electron images that demonstrate the typical morphology of the a and p phases before and after CHT: (a) (b) Details of the fine acicular o’
martensite in the as-built condition, (c) Interweaved lamellar o+ after conventional HT, (d) After conventional HT, coarsening of a lamellae can be ob-
served, as well as the appearance of apparent-equiaxed o phase, indicated by white arrows.

Fig. 4. Typical arrangement of the « and p phases in (a) (b) RHT1, (c) (d) RHT2, (e) (f) RHT 3, (j) (h) RHT4. The a and f phases display a predominant par-
allel morphological arrangement. Continuous grain boundary « also appears at the prior-p grain boundaries, as indicated by white arrows.

Table 4 in the as-built or after CHT, presumably originate because of the rela-
The measured average thickness of the « laths after different heat treat- tively slow cooling rate from the p phase (approximately 4 °C/s) associ-
ments. ated with the proposed RHTs.

CHT RHTI1 RHT2 RHT3 RHT4

3.1.4. Crystallographic texture evolution after heat treatment

The crystallographic texture of the as-built specimen is presented
via phase orientation maps in Fig. 5. It can be observed from the a-
orientation map in Fig. 5 (a) that 5 to 7 o’ variants are present within
each prior-p grain. This might suggest that o’ variant selection might
take place during the solidification of L-PBF process. Such a selection
process might be influenced by multiple factors such as high cooling
rates and localised strain accommodation principles, as described in

Results (um) 1.4 £+ 0.1 0.7 £ 0.1 0.6 0.1 0.6 * 0.1 0.6+ 0.1
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Fig. 5. Typical crystallographic texture of the as-built specimen: (a) Z-IPF a-orientation map and (b) reconstructed p-orientation map using the same colour-
code; (c) misorientation distribution across reconstructed f§ grains; (d) contour pole figures showing the p texture, where BD stands for building direction; (e)
colour scheme used in the maps. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Refs. [38,39]. The texture of the elongated prior-p grains in the recon-
structed p-orientation map, as shown in Fig. 5 (b), supports the obser-
vations conducted from optical microscopy in section 3.1.2. The distri-
bution of the calculated p grain boundary angles is presented via the
histogram shown in Fig. 5 (c) as well as the colour-coded boundaries in
the orientation map of Fig. 5 (b). The p grain boundary angles spread
between 10° and 70°, with moderate occurrence in a wide range be-
tween 30° and 60°.

After CHT, the coarsened a lamellae can be clearly characterised
from the a-orientation map in Fig. 6 (a), while the reconstructed p-
orientation map reported in Fig. 6 (b) shows a typical elongated colum-
nar morphology of the prior-f grains. The distribution of p grain bound-
ary angles shown in Fig. 6 (c) is similar to that measured in the as-built
condition. It is also noted that during this heat treatment, no recrys-
tallisation takes place, as demonstrated by the fact that no change in

Ly

the distribution of the § grain boundary angles is noted between as-
built and conventional HT samples.

Specimens after RHT1 presents a crystallographic texture signifi-
cantly different from the samples subject to CHT, as shown in Fig. 7. In-
stead of the individual o/’ laths observed in a-orientation map from
as-built and conventional HT conditions, a colonies are clearly appar-
ent in Fig. 7 (a). This suggests that the parallel a lamellae observed
within each of the prior- § in Fig. 4 (a) and (b) possess most likely simi-
lar crystallographic orientation. The refinement and the morphology of
the prior-p grains can be further evidenced by the reconstructed p-
orientation map in Fig. 7 (b). The distribution of p grain boundary an-
gles is shifted towards higher angles, as shown in Fig. 7 (c), as most of
the f grain boundary angles (57.5% in total length) are spread in a lim-
ited range from 50° to 60°. Such development in the boundary angle

Length [am)

Misorientations (%)

Fig. 6. Typical crystallographic texture of the specimen after CHT: (a) Z-IPF a-orientation map of L-PBF Ti-6A1-4V after furnace treated at 925 °C for 2 h then
ageing treated at 700 °C for 4 h; (b) Corresponding reconstructed p-orientation map; (c) The misorientation distribution across reconstructed p grains; (d)

contour pole figure of the p texture.
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Fig. 7. Typical crystallographic texture of specimens subject to RHT 1: (a) Z-IPF o-orientation map; (b) Corresponding reconstructed p-orientation map.
Black arrows indicate small HAB grain boundaries located in the centre of the columnar grain; (c) The misorientation distribution across reconstructed p

grains; (d) contour pole figure of the f texture.

distribution suggests that recrystallisation took place at a significant
scale during the adopted RHTs.

As reported in Section 3.1.2, a mixture of quasi-equiaxed and
columnar prior-p grains is evinced from Fig. 7b. Interestingly, distinct
small grains can be observed within columnar grains, as indicated by
the black arrows in Fig. 7b. The high angle boundary (HAB) character-
istic of such small grains corroborates the hypothesis that the observed
grain refinement is associated with the recrystallisation phenomena.
Considering the complexity of microstructure's component produced in
additive manufacturing, there is the possibility that, in 2D sectional
EBSD mapping, prior-p grains could appear inside another prior-f
grain. Such a phenomenon can be observed in Figs. 5b and 6b. It can be
noted that those prior-§ grains, although appearing inside another
grain, still present a coarse morphology, the size of which are signifi-
cantly larger than the specific § grains (highligted by black arrows in
Fig. 7b). Considering the coarse nature of prior-p grain acquired during
AM process, the much smaller f§ grains in Fig. 7b are interpreted as the
result of recrystallisation during heat treatment.

The crystallographic texture of the samples following the re-
maining RHTs is presented in Fig. 8 and Fig. 9. Similar to that
observed in Fig. 7, a colonies dominate all of the a-orientation
maps, while refined quasi-equiaxed prior-p grains with HAB are
present in the reconstructed p-orientation maps. In all three
conditions, it is observed a predominance of high angle p grain
boundary. Additionally, the images confirm that the prevalent
morphology of the prior-p grains is quasi-equiaxed, marking a
significant difference to that observed in the samples following
conventional heat treatment .

3.2. Tensile properties of L-PBF of Ti-6Al-4V after conventional and
rapid heat treatment

Significant differences between the microstructure of L-PBF Ti-6Al-
4V after CHT and RHTs suggest the specimens may present a different
behaviour during the tensile test. The tensile test results after different
treatments are reported in Table 5, while the stress-strain curves of all
the conducted tensile tests are displayed in Fig. 10.

Although no specific trend is observed in the elastic modulus of the
materials, suggesting that these are essentially independent of mi-
crostructure when a weak texture of the o phase is present, several dif-

ferences can be observed in the yield onset and the following plastic de-
formation of the materials. As-built specimens present a typically high
strength (both yield stress and UTS) and low ductility. CHT, enhance
the ductility of the samples significantly, and elongations exceeding
15.9% can be obtained. A typical debit in strength is however observed.
The specimens subject to RHT2 and RHT3 possess similar values of
elongation but with higher yield stress and ultimate tensile strength. Fi-
nally, samples after RHT1 and RHT4 possess similar tensile properties
to that observed in the specimens following CHT with no significant
differences in neither strength or ductility. However, the duration re-
quired to conduct the CHT treatment is 12 h, while RHT4 can be com-
pleted in 20 min, thereby offerring clear processing cost reductions.

In addition to the significant reduction of the process duration, the
columnar morphology of the prior-p grains after CHT treatment sug-
gests the presence of anisotropy behaviours, while equiaxed grains in-
duced by RHT suggest the potential to generate specimens with
isotropic characteristics.

4, Discussion

The tensile properties of Ti-6Al-4V result from of a complex re-
sponse of how several microstructural features interplay during defor-
mation. The mechanical behaviour of as-built samples has been previ-
ously studied [15,40,41] and is largely characterised by the limited de-
formation that the martensitic o' phase can sustain. Authors have
demonstrated that the exceptional high strength/low ductility of the
as-built material derives from the large concentration of vanadium
(which provides substantial solute strength [42]) and the high disloca-
tion density typically found in the o’ phase [41]. Additionally, it has
been suggested that thin nano-stripes of p phase (not usually detected
by XRD and only revealed by detailed TEM investigations) might be re-
tained between o’ martensitic laths [43] and further limit the plasticity
of the martensitic phase by acting as stress concentration spots at the
boundary between the two phases [43].

After CHT and RHT, the o’ martensite decomposes into a + f, as dis-
cussed in section 3.1.3 [44]. The deformation of these microstructures is
more complex and influenced by a number of factors, including how
strain partitions across the two phases, the thickness of individual o
laths, the lath arrangement (either as basketweave or as colonies), dif-
ferences prior- p grain sizes and the presence of grain boundary o
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Fig. 8. Typical crystallographic texture of specimens subject to different RHT. For each condition, a Z-IPF a-orientation map, a corresponding recon-
structed f-orientation map and the misorientation distribution across reconstructed f grains are displayed. (a) (b) (c¢), RHT2; (d) (e) (f), RHT3; (g) (h) (i),

RHT4.

[45-47]. Microstructural features found in these two conditions are
summarised in Table 6.

EBSD and XRD measurements indicate a similar volume fraction of
the o and p phase in the samples treated by CHT and RTH. Any phase
fraction variation, if present, is therefore expected to lead to a negligi-
ble impact on the measured tensile properties. After heat treatment
however, specimens exhibit different size and morphological arrange-
ment of the « and f phases.

Specimens after CHT maintain a favourable basketweave o lath
arrangement, which is strictly inherited from the as-built microstruc-
ture. In the basketweave o arrangement, slip transmission is greatly re-
duced between adjacent a laths of different orientations, contributing
directly to the overall strength of the alloy. The basketweave strength-
ening factor is well described by the Taylor hardening model and has
been shown to be an important strengthening contributor in the as-
printed and stress-relieved AM Ti-6Al-4V [4]. Thisisin stark contrast to
the a arrangement found in the RHT'd samples — which were cooled di-
rectly from the p phase with moderate cooling rates and for which o
colony arrangements predominate. In these samples, strength derives
mostly from the interfacial strengthening effect that derives from the
interface between the a and p phases which effectively acts as a mi-
crostructural barrier to slip transmission [45,48]. This microstructural
arrangement is well modelled by Hall-Petch type equations where a de-
crease in the equivalent o lath thickness (often assumed as the size of
the a-colony) can result in an increase of the alloy strength [49].

It is generally accepted that the properties of Ti alloys depend on
the grain size of the high temperature f§ phase, with smaller grain size -

such as those achieved after the investigated RHT - leading to better
tensile properties [50]. For example, Both Lee [47] and Chong, Bhat-
tacharjee, Yi, Shibata and Tsuji [51] observed an increase in both of
the strength and ductility of Ti-6Al-4V as the prior-f grain size was de-
creased. Such improvements - loosely explained by the Hall-Petch rela-
tionship - are rationalised considering the role of the cumulative grain
boundary length, which is maximised in refined microstructures. Recent
research suggests that early stage strain localisation in high aspect ratio
alpha grains could extend throughout prior beta grain boundaries [52].
Such grain boundary strengthening mechanisms could also be exploited
by our proposed refined microstructures.

Additionally, refined microstructures such as those obtained after
RHT decrease the overall softening effect caused by otherwise strong
textures that form during L-PBF Ti-6Al-4V, which in conjunction with
the Burger's orientation relationship, are known to cause the softest slip
systems to be placed at locations where resolved shear stress is highest
[4]. The refined f grains observed in the RHT'd samples are however
decorated by continuous grain boundary o, which is a distinctive mi-
crostructural feature associated with p to o phase transformations tak-
ing place at relatively low cooling rates. Grain boundary o are gener-
ally considered deleterious to the tensile properties of titanium alloys as
they are softer than the surrounding o+ p matrix [53] and therefore are
thought to have impacted negatively on the observed strength of the
RHT'd specimens. It is therefore highly relevant to observe that the
RHT'd samples, although lacking a favourable basketweave a arrange-
ment, can still display increased strength.
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Table 5 —— As-built|
Tensile properties for each of the tested conditions, reported in the form of 1400 - ——CHT
mean value +/-standard deviation. | —— RHT1
RHT2
Young's modulus Yield stress ~ UTS (MPa)  Elongation 1200 ~ —  RHT3
E (GPa) oy (MPa) e (%) . ——RHT4
- T 1000
As-built 124 = 1 1123 = 6 1242 =+ 5 52 % 0.2 <
CHT 121 + 2 833 + 13 913 * 13 15.9 * 0.8 B
RHTI 117 + 2 83110  914=10 159 + 1.0 g 801
RHT2 118 + 2 858 + 14 937 * 12 16.0 = 1.1 ]
RHT3 121 + 1 854 + 11 934 + 11 16.6 = 0.7 % 600 ~
RHT4 118 + 1 832 £ 9 940 * 10 15.4 = 0.8 5
= 400
Lastly, it is noteworthy that the specimens which experienced age-
ing show higher strength regardless of whether the starting microstruc- 20001
ture was annealed by CHT or annealed and recrystallised (RHT). Al-
though the difference in strength cannot be ascribed to a detectable dif- £ o 2 4 8 3 0 12 14 16 18 20

ference in the microstructure of the aged samples, it is thought that

Strain (%)

ageing of Ti-6Al-4V would lead to the precipitation of intermetallic

nanometre-sized ay (TizAl) particles [48,54], which could enable a Fig. 10. Stress-strain curves of all the specimens investigated in this study.
form of precipitation hardening in Ti-6Al-4V.
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Table 6
Comparison between microstructural features obtained after conventional
and rapid heat treatment of L-PBF Ti-6A1-4V.

Conventional heat RHTs
treatment
Microstructural constituents a+ f ot B
Morphology, location and e Basketweave a+ e Continuous prior-p
size of a and f phase B lamellae grain boundary a
e o lamellae e Parallel a+ B
thickness: lamellae
~1.4 pm e o lamellae
thickness: ~0.6 pm
Prior-f grain morphology e Columnar e Quasi-equiaxed
e Average width o Refined average
~85 ym width: 30-40 pm

5. Conclusion

The results presented in this work provide new insights on innova-
tive heat treatments aimed at optimising the mechanical properties of
L-PBF of Ti-6Al-4V. Rapid heating rates into the p phase field, enable
the formation of refined quasi-equiaxed prior-p grains, which might be
beneficial to a number of properties (including strength, ductility, frac-
ture toughness and fatigue). This is demonstrated by the fact that al-
though the strengthening factor associated to the basketweave mi-
crostructure is lost, rapidly heat treated (RHT'd) samples still possess a
higher combination of strength and ductility than the samples that
were heat treated following ASTM standards (CHT). Nevertheless, fur-
ther considerations should be given to the size and morphological
arrangement of the a laths, which are known to contribute signifi-
cantly on the yield and deformation mode of Ti-6Al-4V. The results of
this study suggest that slow equilibrium cooling from temperatures
above the p transus causes the undesirable formation of o colonies and
grain boundary o laths, therefore faster cooling rates (such as forced
convective cooling from inert gas or quenching) should be considered in
the future to develop (prior-p) refined basketweave stronger mi-
crostructures. By interpreting tensile data with a detailed microstruc-
tural investigation, the following conclusions can be drawn:

e Specimens in the as-built condition present a typical microstructure
consisting of fine acicular o’ martensite in columnar prior-p grains.
Samples present exceptional strength but limited ductility;

e Specimens for which a conventional heat treatment was chosen,
present a basketweave equilibrium o+ p microstructure encased in
columnar prior-p grains (of the same size of the as-built specimens).
The treatment leads to balanced tensile properties, with the
recovery of ductility at the expenses of strength.

e All the proposed RHTs are effective to refine the prior-p grains. It
was observed that the refinement is at its peak when the soak time is
kept briefly above the f transus temperature. This is attributed to
remnants of the o phase at high temperatures (up to the f§ transus
temperature), which are thought to effectively pin and hinder
extensive growth of the f§ phase.

e Theinvestigated RHTs produce relatively thin a laths arranged with
a colony morphology. Grain boundary a were also observed in all
the specimens subject to RHTs. The a colony morphology and grain
boundary o are thought to impact negatively on the tensile
properties of the material investigated. Nevertheless, samples
benefit from a refined prior-p grain structure, and display an
increase in tensile strength whilst maintaining comparable ductility
to conventionally treated Ti-6Al-4V.

e Ageing is beneficial to both RTHed and CHTed specimens
suggesting that the plausible associated a, (Ti3Al) precipitation
hardening mechanism is not affected by the initial content in
dislocations in the material or the arrangement and size of the o and
f constituents.
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