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Abstract  

This paper describes the main results from an investigation into the consequences of thermo-
hydrogen refinement of microstructure (THRM) after laser powder bed fusion (LPBF) of Ti-6Al-
4V on the evolution of microstructure and mechanical properties using a set of experimental 
techniques. Porosity fraction, grain structure, phases, and crystallographic texture per phase are 
characterized using micro X-ray computed tomography, microscopy, and neutron diffraction. A 
hierarchical structure of acicular α-phase morphology formed inside the prior β grains by fast 
cooling during LPBF transforms into fine-grained globular microstructure by THRM, which 
facilitates homogeneous nucleation and growth of the low temperature phase with some retained 
β phase. Moreover, hydrogenated material during THRM has low activation energy for diffusion, 
which in conjunction with the surface energy of pores causes densification of the material, 
thereby closing porosity formed during LPBF. Such significant microstructural changes induced 
by the THRM treatment cause brittle material created by LPBF to become ductile. Significantly, 
the strength and ductility produced by THRM exceed the minimums set forth by the ASTM 
B348 standard. Moreover, the treatment improves fatigue strength of the material. In particular, 
it improves the endurance limit and reduces the scatter in the measured fatigue strength data. 
Performance characteristics of the material can be further optimized for specific application 
requirements by tailoring microstructures using the LPBF and THRM processes.  
 
 
Keywords: Microstructures; Texture; Hydrogen; Additive manufacturing; Heat Treatment; Ti-
6Al-4V  
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1. Introduction 
 
Alloy Ti-6Al-4V (Ti64) shows a range of desirable properties such as high stiffness to weight 
ratio, static strength, fatigue strength, and toughness as well as excellent corrosion resistance for 
various applications, particularly in aerospace, marine, and medical industries [1-3]. 
Microstructures of Ti64 alloy consist of hexagonal close-packed (HCP) α-phase and body-
centered cubic (BCC) β-phase, whose fraction, shape, and distributions can substantially vary 
and, as a result, properties can be designed towards particular applications [4]. A variety of 
microstructures can be achieved in Ti64 by variation in processing from wrought to powder 
metallurgy to additive manufacturing (AM) and subsequent heat treatments [5-8]. AM has 
attracted major attention due to its capability to build parts with complex geometries through a 
layer-by-layer approach. Additionally, AM ensures high material utilization and a near-net-shape 
without the need for molds and other tooling [9-11]. Consequently, a substantial amount of 
research is being devoted to AM [12-18], and in particular, to AM of Ti64 to possibly achieve 
better buy-to-fly ratios [19]. The repetitive melting and solidification along with heating and 
cooling during AM processing forms microstructures different from traditional manufacturing 
methods [20]. In the case of Ti64, the microstructure consists of fine α lath (acicular) structure 
[21-24]. These lath structures shorten mean-free path of gliding dislocations. As a result, the 
material is very strong and brittle. AM metals usually have higher tensile strength compared with 
conventional metals. However, AM-created defects significantly compromise ductility and, in 
particular, the fatigue strength [25]. To make AM metals qualified for industrial use, 
improvements in terms of material behavior are needed. High porosity, poor surface finish, and 
tensile residual stresses cannot merely be eliminated by establishing optimal AM processing 
windows in conjunction with in-situ process monitoring/control [20, 26-30]. As a result, the 
structure of AM metals must be modified by subsequent heat treatments or other post-processing 
methods such as hot isotropic pressing (HIP), laser shock peening, machining, laser polishing, 
etc. These methods decrease porosity, improve surface finish, and reduce tensile residual 
stresses. This paper is concerned with evaluating the evolution of microstructure and mechanical 
properties of Ti64 produced by laser powder bed fusion (LPBF) subjected to thermo-hydrogen 
refinement of microstructure (THRM) post-processing treatment.  

The process of THRM is based on a powder metallurgy (PM) process called hydrogen sintering 
and phase transformation (HSPT) [5], and shares two of the same inventors [31, 32]. PM is a 
beneficial method for Ti alloys production since it reduces the costs compared to the wrought 
material due to its near-net-shape capabilities [5, 33]. However, PM Ti64 components typically 
have inferior mechanical properties compared to wrought counterparts [33]. Either pre-alloying 
the powder and/or pressure-assisted sintering processes and/or subsequent thermo-mechanical 
processing are usually applied to improve the mechanical properties of PM Ti64, which 
significantly increase the cost [7, 34]. HSPT was developed as a method for producing high 
performance and wrought-like Ti64 using only low energy/cost feedstocks and processing. It is 
three-step process that uses dynamically controlled H2 partial pressures to achieve accelerated 
densification and microstructure engineering [5-7]. The first step is β-Ti(H) sintering, in which 
the presence of hydrogen lowers the β transus temperature and increases concentration of 
vacancies in Ti64. These effects achieve increase in substitutional diffusion of Ti and the 
alloying elements, allowing > 99% densification to occur under moderate temperatures and 
times. During the second step, hydrogen-enabled phase transformations are used to refine the 
microstructure, resulting in an ultrafine-grained microstructure of lamellar α colonies and very 
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finely dispersed retained β. The last step of HSPT is dehydrogenation under vacuum or inert gas 
to remove residual hydrogen to < 10 ppm [5-7]. Subsequently, the material can be heat treated to 
produce a range of fine wrought-like globularized, bi-modal, or lamellar microstructures [35]. 
During wrought processing, such microstructural engineering requires significant deformation 
energy via mechanical working to drive recrystallization. However, the microstructural evolution 
in HSPT Ti64 is driven by the large degree of grain boundary energy in the ultrafine-grained 
microstructure. This allows wrought-like microstructures to be produced without mechanical 
working, which is energy-intensive. Similar hydrogen-enabled processing has been used to 
improve near-net-shape cast components [36, 37].  

THRM was developed as a heat treatment for bulk components that uses the same underlying 
mechanisms as HSPT. The key advantages of the THRM treatment are healing defects (e.g. 
pores) and producing wrought-like microstructures from essentially any starting condition 
through the hydrogen-enabled mechanisms. Driven by the surface energy, microstructural 
pores/cracks can close due to the enhanced diffusivity in the presence of hydrogen. We show 
here that THRM can be used as a post-process for bulk titanium products produced by AM. 
Importantly, AM process induced porosity heals without requiring applied pressure through 
processes like HIP. Defects are healed due to enhanced titanium self-diffusion produced by the 
presence of relatively weak Ti-H bonds, which is driven by the surface energy resulting from the 
presence of pores and cracks. As such, process induced defects are healed without requiring 
applied pressure. Likewise, traditional thermomechanical processing relying on the plastic 
deformation and recrystallization of microstructure can be circumvented. We use THRM to 
improve the microstructure and properties of Ti64 components produced by LPBF. To this end, 
strength in tension and compression, ductility, and high cycle fatigue strength are measured for 
samples of Ti64 created by LPBF followed by stress relieving (SR) and a set of samples which 
subsequently underwent the THRM treatment. The behavior is rationalized and explained using 
microstructural characterization data represented in terms of porosity fraction, grain structure, 
phases, and crystallographic texture per phase. The characterization was performed using micro 
X-ray computed tomography (μXCT), microscopy, and neutron diffraction (NeD) for samples 
before and after THRM.  

 

2. Material and experiments 

 
2.1 Fabrication via laser powder bed fusion (LPBF) and subsequent thermo-hydrogen 
refinement of microstructure (THRM) 

Bulk specimens in the form of cylinders were built from gas atomized powder of Ti64 supplied 
by 3D Systems, Rock Hill, SC using a 3D Systems model ProX300 metal laser powder bed 
fusion (LPBF) additive manufacturing machine in an ultra-high purity (99.999%) argon 
atmosphere. Distribution of powder particle size is given in Fig. 1. Processing parameters were 
as follows: laser power = 275 W; laser speed = 1800 mm/s; hatch spacing = 85 µm, layer 
thickness = 40 µm. Parts were stress relieved (SR), while still attached to the build platform, 
using a thermal cycle of 4 hours at a temperature of 600 °C in an argon atmosphere. Stress 
relieving was necessary before cutting the parts off the plate to prevent cracking and distortion 
during removal. Following the stress relief treatment, the samples were electric discharge 
machined (EDM) from the build platforms.  Following the removal, half of the samples were 
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treated by thermo-hydrogen refinement of microstructure (THRM). The remaining half were 
tested and characterized in the SR state. These samples are termed as as-built + SR.  

During the first step of THRM (Fig. 2 - I), the sample is heated to a temperature well above the 
β-transus under a hydrogen-containing atmosphere. For the LPBF samples processed in this 
study, a temperature of 1050 °C for 1 hour and a 50.7 kPa (50% atmospheric pressure) partial 
pressure of H2 was used. It should be noted that, due to the fact that hydrogen lowers the β-
transus temperature, even lower temperatures may be used in the first step, which may also 
produce smaller and more desirable prior β grains.  

During the second step of THRM (Fig. 2 - II), the material is cooled to below the β-transus and 
held for several hours to allow for phase transformation. The phase transformation step used in 
this study was 650 °C for 4 hours. In a traditional super-transus heat treatment, α+β alloys (e.g. 
Ti64) will undergo heterogeneous nucleation of α phase along the parent β grain boundaries 
upon cooling, which grow into the β grains with a 110||0001 and 〈111〉||〈1120〉 
Burgers relationship [35]. This produces colonies of coarse lamellar α grains that are 
crystallographically parallel, and share slip systems across an entire colony. Furthermore, only a 
few colonies of α grains can form from each prior β grain, meaning the average unimpeded slip 
path length is on the same scale as the prior β grain size. However, the presence of hydrogen 
during THRM and HSPT causes (Ti-6Al-4V)-xH to act as a metastable β alloy [38, 39]. As such, 
the material undergoes homogeneous nucleation of α2 (Ti3Al) and α when cooled below the β-
transus, producing α colonies two orders of magnitude finer than the prior β grains. It is believed 
that this is enabled by a spinodal decomposition of the prior β grains, similar to what is observed 
in other metastable β alloys [35]. This hypothesis is based on observations of β peak splitting 
during in situ synchrotron X-ray diffraction in an HSPT study [38, 39]. As the material is cooled 
further, it undergoes a eutectoid decomposition around 200 °C, whereby some of the remaining β 
phase transforms into α and δ (TiH2) grains, further refining the microstructure. 

The process of pore closure in a partial pressure of hydrogen during THRM is attributed to 
improved diffusion by introduction of the relatively weak Ti-H bonds. Hence, hydrogen lowers 
the activation energy of diffusion enough that the surface energy penalty produced by the pores 
is enough to drive further densification of the material, thereby closing porosity. Mechanistically, 
the process is identical to the third stage of sintering in a powder metallurgy process, and 
hydrogen is well-know to improve densification of Ti alloys during sintering. The main purpose 
of the phase transformations that occur during THRM is to refine the microstructure, by enabling 
homogenous nucleation of the low temperature phases. The ultrafine-grained microstructure that 
is produced by homogenous nucleation has enough grain boundary energy, in turn, to enable 
formation of globularized or bi-modal microstructures, which govern a range of properties to be 
produced. 

Hydrogen, which is well known to severely embrittle Ti alloys, is removed during the third step 
of THRM (Fig. 2 - III) by annealing the material under a sufficiently hydrogen-free atmosphere 
(inert gas or vacuum). Dehydrogenation must be done at a low enough temperature to prevent 
coarsening of the microstructure. In this study, a dehydrogenation temperature of 750 °C for 12 
hours under high vacuum (<10-3 Pa) was used. This results in a hydrogen concentration less than 
10 ppm in the final part, which is overkill with regards to hydrogen embrittlement. Shorter 
dehydrogenation times or more economical atmospheres, such as rougher vacuum (~10-1 Pa) or 
inert gas, will produce a <100 ppm hydrogen concentration [40], which is still well below the 
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ASTM standard for any grade of wrought Ti64 (150 ppm) [41]. As such, the time and 
atmosphere used in this study are not economically optimized. The removal of hydrogen causes 
all the δ phase and most the β phase to transform into α. Furthermore, as the α phase fraction 
increases, all α2 transforms into α. This is because α2 is simply an ordered form of α that is 
produced by supersaturation with Al. The result of this step is a unique ultrafine grained lamellar 
microstructure, with α colonies orders of magnitude finer than the prior β grains and a small 
fraction of ultrafine retained β grains confined to the triple points of the α colonies. 

After dehydrogenation, the material was subjected to a sub-transus heat treatment similar to 
those used in wrought processing (Fig. 2 - IV). This was done by heating the material to 950 °C 
for 1 hour under high vacuum (<10-3 Pa) and furnace cooling (≤ 10 °C/min) to room 
temperature. At the heat treatment temperature, the α colonies produced during THRM coalesce, 
driven by the large amount of grain boundary energy due to the ultrafine grain size. Furthermore, 
the β grains grow to accommodate approximately 60 vol% of the microstructure. This produces a 
mixture of relatively equiaxed α and β grains at the heat treatment temperature. As the material is 
slowly cooled, the β grains recede to the triple points of the α grains produced both at the heat 
treatment temperature and during cooling [5]. The resulting microstructure is similar to a fully 
globularized/equiaxed microstructure produced by wrought processing, but without any 
mechanical working. In this microstructure, the α grains have an average size of about 4-8 µm.  

The final step used in this study was an aging treatment (Fig. 2 - V) to boost strength while 
retaining ductility by causing nucleation of secondary α and α2 grains. In this study, an aging 
treatment of 550 °C for 6 hours under high vacuum was used. It is possible that the aging 
temperature used in this study was likely high to promote the greatest strength. This is because 
the solvus temperature for α2 is 550 °C. Therefore, aging treatments of Ti64 are typically 
performed at temperatures below 540 °C to encourage formation of α2 [42]. As such, further 
work is needed to determine if additional strength could be achieved in THRM-processed 
materials through an improved aging treatment. 

For this study, a heat treatment was chosen that produces a globularized microstructure that 
maximizes ductility. This was done as LPBF Ti64 has very poor ductility. Therefore, it was 
hypothesized that the starkest improvement in performance would be gained by producing this 
microstructure. We point out that by changing the dehydrogenation temperature in step III, the 
cooling rate used in step IV, and other parameters, a range of microstructures and corresponding 
properties can be produced. As such, this post-process can be used to tailor the properties to 
specific application requirements. 

All THRM processing in this study was done in a custom-built tube furnace with a 100 mm ID x 
~305 mm L hot zone. H2 partial pressures were produced by flowing mixtures of ultrahigh purity 
(99.999%) Ar and H2 gases at atmospheric pressure (~101 kPa) using digital mass flow 
controllers (Aalborg GFC). High vacuum was produced using an oil diffusion pump (Edwards 
Diffstak 100/300). Diffusion pumps have significantly faster H2 pumping speeds than the 
alternatives (e.g. turbomolecular pumps), which is beneficial for dehydrogenation.  
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Figure 1. Particle size distribution via laser diffraction. Mean particle size is approximately 26 
µm.  

 

 
Figure 2. Schematic of the five step THRM profile used in this study (not to scale), consisting of 
(I) hydrogen charging and microstructure reset, (II) phase transformation and refinement, (III) 
dehydrogenation, (IV) globularization, and (V) aging.  

 
2.2 Microstructural characterization procedures  

To verify successful LPBF and characterize porosity fraction in samples of Ti64, micro X-ray 
computed tomography (μXCT) imaging was performed using a Zeiss Xradia 520 Versa Micro 
CT. The applied voltage on the tungsten source tube of the instrument was 90 kVp and 77.3 μA 
for collecting images. The images were collected using the 0.4X Olympus objective achieving a 
voxel size at the sample of 3.6 μm. The tomograms were reconstructed and rendered using Ziess’ 
reconstruction software, and analyzed using Bruker’s CTAn software. While voxel size defines 
the measurement resolution, a reliable measurement of a void requires multiple voxels [43, 44].  

To further investigate microstructure in the materials, microscopic characterization was 
performed. Metallographic specimens were sectioned with a high speed metallographic saw and 
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hot/compression mounted in a conductive graphite-impregnated phenolic resin. Upon mounting, 
the samples were ground with 180 grit followed by 320 grit SiC paper (ANSI). After grinding, 
the samples were polished with 9 and then with 3 μm glycol diamond suspension. Finally, the 
samples underwent an “attack polish” with 3 parts, by volume, 0.05 μm colloidal-silica to 1 part 
30 % H2O2. Samples meant for optical microscopy were etched using Kroll’s Reagent (2 parts, 
by volume, HF, 3 parts HNO3, and 95 parts H2O) for 3-5 s. This etchant is known for revealing 
the structure of Ti64. Optical images were taken using a confocal Keyence VK X-200 
microscope. Sample preparation for electron backscattered diffraction (EBSD) included 
mechanical grinding on abrasive paper up to 800 grit and subsequent electrochemical polishing. 
The polishing was performed in 1 M ethylene glycol (C2H6O2)-sodium chloride (NaCl) 
electrolyte solution [45] at 24 V and room temperature for 30-40 minutes until mirror finish of 
the surface is obtained. Details of this novel sample prep for Ti and alloys have been described in 
[46]. Tescan Lyra SEM with EDAX EBSD system was used for the scanning at 20 kV. Multiple 
scans were taken from different areas of samples with every scan containing around 500,000 
points to ensure statistically significant data. A coarse step size of 3-4 µm was used for coarse 
scans. Since no microstructural morphology can be observed in these coarse scans, these scans 
were used to determine prior β grain size and obtain texture. Additionally, high resolution EBSD 
scans were performed to better reveal structure in the materials.  

Neutron diffraction (NeD) experiments were performed on the time-of-flight high-pressure-
preferred orientation (HIPPO) neutron diffractometer at the pulsed neutron source of the Los 
Alamos Neutron Science Center (LANSCE) at Los Alamos National Laboratory [47]. Ti64 
samples were orientated such that the build direction was perpendicular to the incident neutron 
beam. Count time was equivalent to approximately 30 min at a proton current of 100 μA. In 
total, 132 histograms were obtained from three different sample orientations (0°, 67.5°, and 90°) 
for the five HIPPO detector rings with nominal diffraction angles of 150°, 120°, 90°, 60°, and 
40°. The 132 histograms were used to calculate an orientation distribution function (ODF) and 
were also integrated to create single histograms for each neutron diffraction angle that are largely 
free from texture influence. The Maud diffraction analysis software was used to obtain all 
experimental neutron diffraction histograms [48].  

 

2.3 Mechanical testing procedures  

Monotonic tensile tests were performed on specimens prepared according to ASTM E8/E8M 
[49]. A slight modification on the gripping portions is introduced to facilitate mounting using a 
pair of flat grips. Drawing of the tensile sample is given in the Appendix. To perform the tensile 
tests, a biaxial MTS servo hydraulic machine with Flextest software and controller with a 
loading capacity of 250 kN was employed. A one-inch MTS 623.12E-24 extensometer was 
attached to the gauge section of the samples during the tests to gather the displacement data. The 
data from the extensometer was used for obtaining stress-strain curves. The tensile tests were 
done at room temperature and a strain rate of ~10-3 /s. The tests were continued until fracture. 
The tests were repeated per sample category at least two times to assure the repeatability and 
accuracy. The curves overlapped.  

Compression tests were performed on cylinders of 7.5 mm in diameter and 10 mm in height. To 
perform these tests, an Instron 1350 machine with a load cell capacity of 100 kN equipped with 
the DAX software and controller was used. The cylindrical specimen was placed between two 
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grounded and polished dies made of hardened steel. To ensure that the loading is uniaxial as 
much as possible, a hardened steel ball was placed between the upper force arm and the die. 
Molykote (primarily composed of MoS2) was used to minimize the friction between the 
specimen and the upper/lower compression dies. Prior to testing of the samples, the compliance 
of the machine and testing setup was measured. The compliance data was used to correct the 
compression testing data before calculating the true stress-true strain curves [50-52]. All the tests 
with Instron 1350 were done at a strain rate of 10-3 /s and at room temperature. For repeatability 
of the data, compression tests were repeated at least three times for each category (Appendix). 
The tests were continued until the specimens broke.  

For the load reversal tests, the specimens were designed according to ASTM E606/E606M [53]. 
The drawing is given in the Appendix. Similar to the tensile samples, a slight modification was 
applied to the gripping region for mounting purposes. The same MTS machine was used for the 
strain-controlled load reversal tests at room temperature and under a strain rate of 10-3 /s. During 
the tests, an MTS 632.26E-40 axial extensometer was attached to the gauge section of the 
specimens to measure the elongation. These tests start from zero strain, the samples are pulled to 
a specific level of strain, and then unloaded and deformed in the reverse direction to zero strain. 
The next stage of the loading starts from the zero strain level and the procedure of 
loading/unloading repeats. These tests were repeated two times to ensure the accuracy of the 
results. Excellent repeatability was achieved.  

High cycle fatigue specimens were designed according to the ASTM E466-15 [54-56]. The 
drawing is given in the Appendix. An RBF-40HT rotating beam tester machine was employed to 
perform the HCF tests in the air at room temperature. The machine has a counter to shows the 
number of cycles during testing. The tests were fully-reversed ( = −1) stress-controlled with 
the stress ranging between 250 MPa and 1010 MPa. The frequency was kept at 50 Hz. The tests 
were not interrupted until the specimens failed or they reached the endurance limit, which is 
taken to be 107 cycles.  

 

3. Results 

3.1 Microstructural characterization 

The visual representations of porosity in the samples is given in Fig. 3. The purpose of these 
measurements was to verify quality of the builds and determine the effect of THRM. The 
samples imaged by μXCT were machined cylinders. The measured height for the as-built + SR 
sample was 2.17 mm with the diameter of 3.20 mm. The measure height for the THRM sample 
was 2.68 mm with the diameter of 3.20 mm. Area fraction of defects along the height of the 
cylinders from recorded 2D images is also provided. The as-built + SR sample found several 
instances of layers with large concentrations of defects as high as 0.6%, while the THRM 
specimen had less detected porosity with a max layer wise porosity of 0.12%. The μXCT 
determined porosity fractions in the as-built + SR and THRM materials are 0.13455% and 
0.03128%, respectively. Minimum detectable defects were limited to greater than 260 µm³ 
detection limit. While majority of defects in the as-built + SR material were smaller than 2,000 
µm³, the average was 10,000 µm³, largely owing to a few defects as large as 200,000 µm³. A 
total of about 2,300 defects were identified in the imaged volume for the as-built + SR material. 
Defects in the THRM material were much smaller. Significantly, the THRM reduces the fraction 
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of porosity/defects for approximately 5x. Small gas pores and delaminations due to lack of 
fusion caused by insufficient consolidation of the powder particles (incomplete powder 
coverage) are expected to be primary contributors to the porosity fraction [57]. However, the gas 
pores are harder to detect via μXCT due to their size.  

Fig. 4 shows optical micrographs of as-built+SR and THRM Ti64 samples. In the optical images, 
α is the light phase, while β is the dark phase. The fine features are also shown in the high 
resolution EBSD scans in Fig. 5. The grain tolerance angle used to define the grains from the 
EBSD analysis was set to 5°. When Ti64 is cooled rapidly from  phase, the formation into  
from  may be martensitic, or occur by nucleation and growth. Both pathways are capable of 
forming a microstructure consisting of fine, interpenetrating  laths with lack of grain boundary 
α. Such microstructures are referred to as fine basket weave, Widmanstätten, or fine lath. It is 
worth noting that the morphology only is insufficient to describe the α phase as martensitic [58]. 
However, Ti does not derive its strength from the tetragonal distortion of the cubic lattice like in 
the case of steels. Instead, the strength is governed from the effective dislocation mean-free-path 
and slip transfer of the dislocations and, thus, whether or not AM microstructures are formed by 
martensitic or nucleation dominated and growth mediated diffusional processes is 
inconsequential. In summary, as-built + SR Ti64 is a heterogeneous material with a complex 
acicular/ lath structure formed inside the chessboard β structure. In contrast, the structure of 
THRM Ti64 consists of the primary α phase grains, which are globularized to have a relatively 
low aspect ratio and some retained β. Such microstructure is achieved by slow cooling rate, 
where the β grains transform into globularized α microstructure. Prior β grain size was ~200 μm, 
which is easy to determine due to the presence of grain boundary α along prior β grain 
boundaries. While this grain boundary α is known to affect fatigue performance to some degree, 
it has little to no effect on static properties. The globularized α grains measure about 4 μm by 8 
μm, on average i.e. are slightly elongated (less than 3:1 aspect ratio on average). 

Fig. 6 depicts measured coarse IPF maps. These maps are used to obtain IPF maps of β grains 
and determine texture of the β-phase. Results of the reconstruction are shown in the figure. The 
average size of the prior β grains is approximately a = 80 μm, b = 80 μm, and c = 460 μm. For 
completeness, a procedure for constructing prior β grains from discrete EBSD scan data is briefly 
summarized. α-variants belonging to a given β grain are related by their Burgers relation, which 
places a given crystallographic plane/line of one phase into the alignment with plane/line of the 
other phase [59]. These are: 110‖0001 and 〈111〉‖〈1120〉 along with their habit 
planes: 11 11 13, 4 4 5


, and 3 3 4  [60-63]. 12 crystal orientations/variants of  could 

be obtained from one parent  grain during  →  transformation. However, only 6 orientations 
of  can be produced form one  variant during  →  transition [64-67]. If we define a rotation 
tensor rotating a sample frame into the crystal lattice frame for a  parent grain as  and the 24 
cubic crystal symmetries as 

 then 
 makes 24 symmetries of one parent  grain. The 

Burgers relation D can be expressed using Bunge-Euler angles as D = (135°, 90°, 354.74°) [64, 
68]. As a result of 

, the orientations of 24  variants are created. Of these, 12  
orientations are unique due to the commutation property of . For the  →  transformation, 6  
variants are produced from one  orientation. A parent  grain can be identified from a 
minimum of 3 inherited  variants. However, certain combinations may not yield a unique 
solution due to a 111 mirror plane in the  phase. To avoid this non uniqueness, 4 unique 
variants are recommended [69]. More details can be found in the following works [64, 65, 68]. 
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The particular method used in the present work is the code reported in [70]. In this method, 
pixels are segmented into α colonies based on a 2° misorientation tolerance. Every α lath variant 
is evaluated, one at a time, with its nearest neighbors as potentially be from the same β grain. 
The misorientation between the given primary lath and each immediate neighbor are compared 
with allowed misorientations for two variants from the given β grain. After 4 unique α variants 
are found, we calculate the 6 parent β grain orientations that could form the established variants. 
We then calculate the misorientation between the 6 possible solutions for the primary α lath and 
the 6 possible solutions for each of the neighbors. Finally, the angles of misorientation between 
all of the possible solutions are then checked to obtain the β grain orientation that is common 
among them.  

Figure 7 shows the integrated histograms for all samples from the 150° detector bank. The phase 
composition of each sample was determined by fitting the corresponding integrated experimental 
neutron diffraction histogram and calculating the diffraction contribution for each phase. The 
Rietveld method was applied whereby the relevant crystallographic and scaling parameters of all 
phases were refined to increase the quality of the least-squares fit between calculated and 
experimental diffraction histograms. The procedure follows that presented in [71]. Table 1 shows 
the phase compositions per sample. Any β contribution to the observed NeD signal was 
indistinguishable from background noise for the as-built + SR materials, which indicates the lack 
of presence or, at most, trace quantities of β. These measurements confirm that rapid 
heating/cooling conditions during LPBF create an entirely  structure with only traces of  [24]. 
Some fraction of the β-phase is present in the THRM samples.  

Pole figures showing texture in the samples are presented in Figs. 8 – 10. Thse pole figures are 
plotted from the ODFs calculted with NeD data. Initial texture and texture evolution under 
compression for the as-built + SR samples in shown in Fig. 8. Similarly, the initial texture and 
texture evolution for α-phase under compression for the THRM samples is shown in Fig. 9. 
Textures in Figs. 8 and 9 are remarkably similar, although phase transformations took place in 
evolving texture from the material in Fig. 8 to the material in Fig. 9 by THRM. Fig. 10 shows 
pole figures for the β-phase obtained by NeD and by β-phase reconstruction. Despite the large 
sampling volume afforded by NeD, β-phase low volume fraction likely resulted in the under-
sampling of β grains, which could have created the higher pole density seen in Fig. 10a than in 
Fig. 10b. Nevertheless, the two methods of determining texture of the β-phase crossvalidated one 
another.  
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Figure 3. 2D projections of 3D reconstructed micro X-ray computed tomography (µXCT) defect   
analysis on (a) as-built + SR (for 4 h at 600 °C under Ar) and (b) THRM Ti64 alloy given in x-y 
and x-z planes. Spacing between tick lines is 250 µm. (c) Area fraction of defects along height of 
the cylinders from recorded 2D images.  
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Figure 4. Optical microscopy images of (a, a') as-built + SR and (b, b') HT. The build direction is 
perpendicular to the micrographs.  
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Figure 5. IPF maps showing the initial structure for: (a) as-built + SR and (b) THRM Ti64 with 
build direction (BD) out of plane.   
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Figure 6. (a) and (a’) IPF maps measured by EBSD and (b) and (b’) corresponding reconstructed 

maps of β grains in Ti64 fabricated via LPBF. The build direction (BD) is perpendicular to the 
unprimed, while the BD is vertical for the primed images. The colors in the maps define the BD 
relative to the crystal lattice frame according to the standard triangles provided in the corners.  
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Figure 7. Experimental neutron diffraction histograms from the 150° detector bank for all studied 
conditions of Ti64. Bragg reflections for α and β phases are labeled except for those with low d-
spacings or intensities near background, which were omitted to enhance plot readability. Inset 
shows β reflection for undeformed SR tensile sample. Metallic aluminum (Al) reflections were 
seen because of neutron beam interaction with Al sample holders, which resulted in the 
occasional detection of Al-diffracted neutrons in the 150° detector banks.  

 

Table 1. Phase Volume Fractions as determined from NeD.  

 α-Ti β-Ti 

SR-Compression-initial 100 % - 

SR-Compression-0.09 100 % - 

SR-Compression-fracture 100 % - 

HT-Tensile-initial 95.9 % 4.1 % 

HT-Tensile-fracture 94.6 % 5.4 % 

HT-Compression-0.21 96.1 % 3.9 % 

HT-Compression-fracture 95.7 % 4.3 % 
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Figure 8. Stereographic pole figures obtained by neutron diffraction for samples of as-built + SR 
material: (a) initial, (b) deformed in compression to a strain of 0.09, and (c) deformed in 
compression to fracture. Build direction is pointing out of the plane.  
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Figure 9. Stereographic pole figures obtained by neutron diffraction for samples of THRM 
material: (a) initial, (b) pulled in tension to fracture, (c) deformed in compression to 0.21, and (d) 
deformed in compression to fracture. Build direction is pointing out of the plane.  
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Figure 10. Stereographic pole figures for β phase obtained by (a) neutron diffraction and (b) 
grain reconstruction for THRM initial samples. Build direction is pointing out of the plane.  

 

3.2 Mechanical testing    

We now turn our attention on the results correlating the structures and properties of Ti64. 
Strength in tension and compression are measured at room temperature under 0.001 /s strain rate 
for the two material conditions. True stress–strain and engineering stress-strain curves in tension 
and compression for the two conditions are given in Fig. 11. The compressive curves are 
provided in two sample directions, along the BD and perpendicular to it. Table 2 summarizes 
quantitative values of the main material properties. As is evident, the THRM treatment has a 
noticeable effect on the mechanical properties. While the as-built + SR material is stronger, the 
THRM material is significantly more ductile. Properties of the latter material are greater than the 
minimums set forth by the ASTM B348 standard [41]. Interestingly, the material in both 
conditions exhibits some tension/compression (T-C) asymmetry, being stronger in compression 
than in tension. The as-built + SR flow curved have been used in the recent modeling work [72]. 

Fig. 12 shows the stress–strain curves for the as-built + SR and THRM samples, when the 
samples are first pre-loaded in tension to certain strains. The test are carried out for one or 
multiple cycles. As can be seen, the THRM material can afford larger strains and more cycles 
than the as-built + SR material. The as-built + SR material breaks before even reaching a true 
pre-strain of 0.03. These plots show phenomena pertaining to the cyclic deformation of the 
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materials including the non-linearity of unloading, the Bauschinger effect, and any changes in 
hardening rates during reverse loading from those reached during forward loading. At the onset 
of unloading, the material exhibits some linear portion and prolonged non-linear portion until 
next yielding. The extent of non-linearity increases with the amount of pre-strain. Fig. 12c shows 
that the THRM material yields at a slightly lower value of stress in compression than reached 
during the tensile pre-strain. The yield differential is referred to as the Bauschinger effect [73-
79]. The differential is influenced by the T-C asymmetry (Fig. 11) i.e. the material is stronger in 
compression, which compensates for the larger extent of the Bauschinger effect.  

Fig. 13 presents the stress amplitude vs. the number of cycles to failure (S – N or  −  ) 
measured data for as-built + SR and THRM samples of Ti64. The arrows indicate that the 
particular test was halted at 107 cycles before the sample failed. The lines in the plots are fits of 
the discrete points for the fractured specimens (Table 3). These fitted lines are extrapolated to the 
intersection with the horizontal line indicating the endurance limit. The data follows typical 
trends of  increasing with a decrease in . R2 values characterizing the quality of the fits are 
also provided. As is evident, the HCF behavior of samples after THRM is better than those as-
built + SR, except for the very high stress amplitudes. This is attributed to the higher strength of 
the as-built + SR material. The results clearly show that it is possible to improve the fatigue 
strength of Ti64 by THRM. The globularized α grain structure with some porosity after THRM 
can better suppress fatigue crack initiation than the acicular α structure with a larger content of 
porosity before THRM. The improvements vary with  and are the greatest at the endurance 
limit. Significantly, the endurance limit improved from 285 MPa to 400 MPa (Table 2). 
Moreover, the scatter in the measured fatigue strength data significantly reduced.  
 

 

 
Figure 11. True stress-strain curves for as-built + SR and THRM samples of Ti64 in compression 
and tension along BD at room temperature tested at a strain rate of 10-3/s. Engineering stress-
strain curves for the tensile tests are also shown.  
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Figure 12. True stress-true strain curves measured during large strain load reversal testing along 
the BD: (a) as-built + SR and (b) THRM Ti64 alloy. The strain values indicated in the legends 
refer to the pre-strained increments. (c) True stress-accumulated true strain curves for the THRM 
1%-2%-3%-4% sample.   
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Figure 13. HCF behavior of (a) as-built + SR and (b) THRM Ti64 tested along the built direction 
at room temperature. The rotating beam tester imposes the R-ratio (min/max) of -1.  

 

Table 2. Summary of measured properties based on Figs. 11 and 13 for the two categories of 
Ti64 samples.  
 
Material Yield strength 

(0.2% offset) 
[MPa] 

Ultimate tensile 
strength (UTS) 
[MPa] 

Strain at fracture Fatigue strength 
at 107 [MPa] 

As-built + SR 1250 1310 0.050 285 
HT 860 950 0.164 400 
 

Table 3. High cycle fatigue data fit parameters for  log() +  equations. 

Material A B 
THRM -145.33 1286.5 

As-built + SR -104.15 1041.8 
 

4. Discussion 

In this work, it is demonstrated that THRM is well-suited for improving the microstructure and 
properties of Ti64 samples produced by LPBF. Tensile/compressive strength, ductility, and high 
cycle fatigue strength are measured for samples of Ti64 created by LPBF after stress relieving 
(SR) and after the THRM treatment. The testing results show that the SR samples exhibit higher 
strengths but substantially lower ductility and fatigue strength compared with the THRM 
samples. Therefore, the THRM treatment improves ductility, toughness, and fatigue strength. 
The material in both conditions exhibits some T-C asymmetry, being stronger in compression 
than in tension. Higher strength in compression is beneficial for fatigue performances. Literature 
suggests that the resolved shear stress on the pyramidal slip systems in Ti64 is dependent not 
only on the stress in the direction of slip but also on the two orthogonal shear stress components 
and the three normal stress components (non-Schmid effects) [80-88]. These non-Schmid effects 
may be a source of the observed T-C asymmetry in the studied materials. Additionally, the 
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source of T-C asymmetry can be a higher propensity for cross slip when titanium alloys are 
deformed in tension, which was reported in [89]. The load reversal tests reveal that the T-C 
asymmetry reduces the Bauschinger effect, which is usually present during cyclic deformation. 
In addition to the poor fatigue strength exhibited by the as-built + SR material, sample-to-sample 
variability is another major issue for using such material for stringent fatigue sensitive 
applications. Large scatter in AM fatigue data has also been observed in [90]. The THRM 
process reduces the scatter. The degree by which scatter was reduced by THRM varies with  
and the greatest reduction in scatter was observed at the endurance limit. Significantly, the 
endurance limit improved from 285 MPa to 400 MPa.  However, the as-built + SR behaves 
better for the very high stress amplitudes. This is attributed to the higher static strength of the as-
built + SR material. The fatigue performance of a material is often judged by the ratio between 
the fatigue strength at endurance and the static UTS. Such comparison makes the effect of 
THRM even more apparent since the ratio significantly improves.  

Microstructural features for samples of LPBF Ti64 were measured before and after THRM to 
infer the role these features have in governing the set of measured mechanical properties of the 
materials. The microstructural characterization data in terms of porosity fraction, grain structure, 
phases, and crystallographic texture per phase were collected using µXCT, microscopy, and 
NeD. It was found that the fine α lath microstructure resulting from fast cooling during LPBF, in 
conjunction with some porosity, makes Ti64 very brittle. As discussed earlier, α laths are 
crystallographically correlated, allowing for slip transfer among α laths to accommodate 
plasticity, which has been demonstrated experimentally in titanium alloys [91-94]. Given the 
extremely short mean-free-path for mobile dislocations in the fine as-built + SR microstructure, 
the material is very strong but not ductile. Similar observations have been reported in the 
literature [95, 96]. While it may be possible to slightly improve the properties by LPBF process 
optimization [97], we show that post-treatments are a better path forward. This work has 
explored the effect of THRM, which facilitates the formation of wrought-like microstructures 
through hydrogen-enabled phase transformations. Moreover, the presence of hydrogen increases 
diffusion kinetics of the material, allowing pore closure during THRM. THRM significantly 
reduced the overall fraction of porosity as well as the average pore size. The globularized α grain 
structure with some porosity after THRM can better suppress fatigue crack initiation than the 
acicular α structure with a larger content of porosity before THRM. While grain structure 
between as-built + SR and THRM samples is substantially different, crystallographic texture is 
remarkably similar for α-phase. Therefore, it is inferred that texture introduces only secondary 
effect on the properties. Fraction of β-phase is not sufficient to introduce any appreciable 
influence of texture on the properties.  

Since the total volume of pores measured throughout the samples with the given resolution was 
negligible, we regard our LPBF of Ti64 as successful. Nevertheless, the measurements show 
presence of some residual porosity even in the THRM samples. The estimates are regarded as 
lower bound of the total porosity in the material because some small gas pores were not resolved. 
While these smaller pores would likely not have appreciable effect on static strength, ductility 
and fatigue strength are likely affected. Methods such as HIP and gaseous isostatic forging (GIF) 
can be explored to further improve fatigue performances of the THRM treated material. GIF is 
process that relies on rapid heating and isostatic pneumatic pressure [98]. Data showing the 
effects of GIF on removing the residual porosity of HSPT-sintered Ti64 and improving fatigue 
properties exist in the literature [5]. Therefore, combining THRM with another treatments such 
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as GIF could ultimately produce porosity-free Ti64 with wrought-like microstructures and 
properties.  

In closing, we show several fractography images for samples broken in simple tension and HCF. 
Fig. 14 shows secondary electrons (SE) images of fractured surfaces for samples of as-built + SR 
and THRM materials tested to fracture in tension. A typical cup and cone fracture can be 
observed for both materials. The rim areas of both conditions show relatively flat trans-granular 
fracture. The interior surface of the as-built + SR fractured sample exhibits surface facets and 
some inter lamellar character, where α laths are often visible on the quasi-cleavage surfaces. 
These quasi-cleavage facets are α grains broken in a planar manner. Such features are more 
representative of brittle mode than ductile mode of fracture [3]. Conversely, dimples that are 
typical of microvoid coalescence dominate the THRM sample surface. These dimples correlate 
with the much more ductile behavior of the THRM material than the as-built + SR material. 
Fractured surfaces of the HCF specimens (Fig. 15) appear much smoother than the tensile 
fracture surfaces. The largest stress develops at the surface of the sample in a rotating beam test. 
The surface stress linearly decreases to zero towards the sample center. Therefore, initial 
crack/cracks usually form at the surface. Fatigue surfaces of the as-built + SR sample exhibit 
surface facets, but to a smaller degree than after simple tension. Additionally, the fatigue crack 
path propagated along defects produced by lack of fusion during LPBF (Fig. 15- a''). These 
insufficient fusion of layers (delamination) defects formed during AM appear to contribute much 
more to the porosity fraction than gas pores. Unmolten particles can be observed on the smooth 
surfaces of the insufficient fusion of layers defects. The presence of these defects has greatly 
reduced after THRM. The topology of the THRM fatigue sample also includes fatigue striations 
(1-2 µm spacing), which developed as a consequence of crack blunting and reshaping during 
fracture propagation. Such features were not observed in the as-built + SR samples, suggesting 
that the sample likely fractured more rapidly after crack initiation due to its brittleness.  
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Figure 14. SE images of fractured surfaces for samples tested to fracture in simple tension: (a 
and a') as-built + SR (top row) and (b and b') THRM (bottom row).  
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Figure 15. SE images of fractured surfaces for samples tested to fracture in HCF: (a-a''') as-built 
+ SR and (b-b''') THRM. The fractographs are for samples fractured under 305 MPa and 430 
MPa stress amplitudes, respectively.  

 

5. Conclusions 

This paper explored the feasibility of converting acicular α microstructure of LPBF Ti64 into a 
wrought-like microstructure consisting of fine globular grains via THRM, a treatment that avoids 
an energy-intensive thermo-mechanical wrought processing or traditional powder metallurgy for 
achieving such structure. The results of this work show that wrought-like microstructures can 
indeed be produced using the THRM treatment of LPBF Ti64. The phase transformation 
occurring during THRM produces an ultrafine-grained lamellar α colony microstructure by 
homogeneous nucleation of the low temperature phases. The ultrafine-grained microstructure has 
enough grain boundary energy to enable formation of a fine globularized microstructure via 
coalescence of the α colonies. While grain structure between as-built + SR and THRM samples 
is substantially different, crystallographic texture is remarkably similar for α-phase. Therefore, 
texture introduces only secondary effect on the properties. The significant grain structure 
changes induced by the THRM treatment cause changes in the mechanical properties. While the 
THRM material has lower tensile strength than the as-built + SR condition, it is significantly 
more ductile and, therefore, is expected to have much greater toughness. Importantly, the THRM 
material properties are higher than the minimums set forth by the ASTM B348 standard for 
annealed wrought Ti64. Furthermore, the results clearly show that it is possible to improve the 
fatigue strength of Ti64 by THRM. Significantly, the endurance limit improves. Moreover, the 
scatter in the measured fatigue strength data reduces. Performance characteristics of Ti64 can be 
further optimized for specific application requirements by tailoring microstructures using the 
LPBF and THRM processes.  
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Appendix  

This appendix presents repeatability of the testing results in simple compression in Fig. A1, 
and drawings of the samples in Fig. A2.  
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Figure A1. True stress-true strain curves showing repeatability of the testing results performed 
on multiple as-built + SR and THRM samples in simple compression.  

 

 
Figure A2. Drawings of (a) tensile, (b) LCF, and (c) HCF specimens with dimensions in 
millimeters. Compression specimens were 10 mm in height and 7.5 mm in diameter.  

 

Data availability 

The raw/processed data required to reproduce these findings cannot be shared at this time due to 
technical or time limitations.  
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