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Abstract

Electron beam melting (EBM) is a metal powder bed fusion additive manufacturing (AM) technology that
is used to fabricate three-dimensional near-net-shaped parts directly from computer models. Ti-6Al-4V
is the most widely used and studied alloy for this technology and is the focus of this work in its ELI (Extra
Low Interstitial) variation. Microstructure evolution and its influence on the mechanical properties of
the alloy in the as-fabricated condition have been documented by various researchers. In the present
work, different heat treatments were performed based on three approaches in order to study the
effects of heat treatments on the unique microstructure formed during the EBM fabrication process. In
the first approach, the effect of various cooling rates after the solutionizing process was studied. In the
second approach, a correlation between the variation of a lath thickness during aging and the
subsequent effect on mechanical properties was established. Lastly, several combined solutionizing and
aging experiments were conducted; the results will be systematically discussed in the context of
structural performance and design.

KEYWORDS: additive manufacturing; electron beam melting; Ti-6Al-4V; microstructure evolution;
mechanical characterization; heat treatment.

1 Introduction

Electron beam melting (EBM) is a metal powder bed fusion additive manufacturing (AM) technology
used for the fabrication of three-dimensional near-net-shaped functional components directly from
computer models [1]. ASTM F2792 defines AM as “a process of joining materials to make objects from
3D model data, usually layer upon layer, as opposed to subtractive manufacturing methodologies” [2].
The use of AM technologies in general, and of EBM in particular, is experiencing a considerable increase
in the variety and quantity of applications. As the technologies improve and develop, a wider range of
industries are studying and implementing these technologies to manufacture an increasingly diverse
range of products. Biomedical implant applications and structural aerospace parts are the most
promising areas for EBM technology. However, the development of EBM technology in these areas is
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slowed down by the lack of fundamental knowledge, consistent databases, and standardization which
are all critical in these industry sectors [3-7].

EBM’s working principle consists of consecutive cycles where complex parts are fabricated layer by layer.
Each solid material level is formed after a metallic powder layer is dispensed and selectively melted. The
energy source for the melting process is an electron beam emitted from a tungsten filament. This beam
is controlled by two magnetic coils, which focus and control the position and diameter of the beam. The
manufacturing parameters are generated and controlled by software in order to fabricate sound parts
with improved mechanical properties, low porosity and surface roughness, and optimized geometrical
reproducibility. This software creates scanning algorithms based on the geometry of the part to be
manufactured. The main parameters controlled by the software are: minimum and maximum beam
current, number of times the beam scan is to be repeated, scanning speed of the electron beam,
distance between individual scan lines (line offset), line order for the hatch pattern, and rotation angle
between consecutive hatches [8].

Microstructure evolution and mechanical properties have been studied for Ti-6Al-4V alloys due to its
versatility resulting from the good balance between mechanical properties, castability, plastic
workability, heat treatability, and weldability [9]. Ti-6Al-4V has been broadly applied in industry and
studied in the laboratory, resulting in an extensive knowledgebase relative to other metal alloys
fabricated by this technology. Heat treatment of AM Ti-6Al-4V for different technologies has been
extensively studied with the purpose of relieving stress and achieving an equilibrium microstructure,
eliminating the metastable o’ martensite phase and obtaining a microstructure with exclusively a and
phases [10]. However for the EBM technology, the relation between microstructure and mechanical
properties has been mainly limited to the as-fabricated condition, except for some cases where hot
isostatic pressing (HIP) was applied to the EBM parts. The EBM process, similarly to other AM processes,
does not completely prevent the presence of porosity in the build. Therefore, in order to mitigate the
disadvantages caused by these defects, the effect of HIP treatment has been studied [11-19]. The
biggest interest for the study of the mechanical properties in the as-fabricated condition is that the EBM
process, unlike other metal AM technologies such as selective laser melting (SLM) or laser engineered
net shaping (LENS), does not require heat treatment to obtain reasonable ductility and low residual
stresses. The high temperature of the fabrication chamber in the EBM process prevents the presence of
brittle o' martensitic phase from forming in the final microstructure, while the slow cooling rates from
the chamber temperature to room temperature, relieves most of the residual stress generated during
the additive manufacturing process [11].

Ti-6Al-4V is an o+ alloy because a and B microstructural phases coexist at room temperature. The o+
alloys are interesting because they combine the strength of a alloys with the ductility of B alloys, and
their microstructures and properties can be varied widely by appropriate heat treatments and
thermomechanical processing [20]. The current study focuses on understanding the effect of different
heat treatments on the unique microstructure of the EBM Ti-6Al-4V ELI (Extra Low Interstitial) and its
impact on mechanical properties. The heat treatments studied in this work were addressed using three
approaches. The first investigated the effect of the solution heat treatment and subsequent cooling rate
on the formation of different microstructural phases and their morphology. The second studied the
effect of the aging time and temperature on a lath thickness and mechanical properties. The third
approach assessed the effect of solutionizing and aging heat treatment on the microstructure and
properties of the material.



2 Materials and methodology

2.1 Materials and processing conditions

The EBM build used for this study was manufactured from Ti-6Al-4V ELI gas atomized powder provided
by Arcam. The ELI variant of Ti-6Al-4V contains reduced levels of oxygen, nitrogen, carbon, and iron as
shown in Table 1. The powder used was a mixture of 50% new powder and 50% powder reused from a
previous build, with a particle diameter ranging from 45 to 150 um, Figure 1 [21]. It is important to note
that reused powder, which is kept under vacuum for the time between builds, can still exhibit an
increase in oxygen levels which can affect the subsequent microstructure and mechanical properties of
the final part [22]. A study by Nandwana et al. [23] showed that standard Ti-6Al-4V powder exposed to
an electron beam for 150 hours experience an increase in oxygen levels from 0.141 to 0.168 wt.% which
is within the specification for the alloy. Since ELI Ti-6Al-4V powder has a much lower oxygen content to
begin with, it can be safely assumed that using a mixture of 50% reused powder will not result in a
compromised final product. The EBM manufacturing parameters of the build (spot size, scan velocity,
sintering path, etc.) were defined by an internal algorithm of the Arcam Q10 machine. The process
consists of preheating to a chamber temperature of 650°C which is maintained throughout the build.
Each scanning layer was 50 um thick and the average scanning time per layer was one minute for this
batch. The total build time was 2200 minutes (36 hours and 40 minutes). All of the post build heat
treatments for this study were carried out using a Thermo Scientific 1.8 kW Lindberg/Blue furnace.

Table 1. Standard chemical composition [24] and actual chemical composition of the powder provided by Arcam [25]

Al \' C Fe (0] N H Ti
Ti-6Al-4V ELI 5.5-6.5% 3.5- <0.08% <0.25% <0.13% <0.05% <0.012% Balance
(Standard) 4.5%
Ti-6Al-4V ELI 6.0% 4.0% 0.03% 0.1% 0.1% 0.01% <0.003% Balance

(Arcam)

Figure 1. Ti-6Al-4V ELI powder particles used to fabricate the EBM samples in this study [21].

2.2 Specimen locations and preparation

The build configuration and AM reference axis system on the build platform of the Arcam machine is
shown in Figure 2. The cylindrical specimens (@15 mm x 105 mm) are orientated with their longitudinal
axis perpendicular to the build platform (parallel to the build direction/Z axis). The rectangular
specimens have their longitudinal axis perpendicular to the build direction/Z axis. In this study, the



terms vertical orientation and horizontal orientation are used to identify samples that are oriented
parallel and perpendicular to the build direction/Z axis respectively. For this body of work only the
vertical oriented cylindrical samples were used, from which cylindrical tensile specimens (Figure 4) were
machined. Metallographic analysis and micro-hardness measurements were also carried out on these
samples.

110 mm

Figure 2. Layout of the specimens on the build platform with the standard AM axis system [25].

2.3 Characterization methodology

2.3.1  Microstructure characterization

All metallographic samples were cut with an abrasive wheel, mechanically ground and polished, and
etched with Kroll's reagent following the preparation process for titanium alloys laid out in Buehler
SumMet 2013 [26]. Microstructures were characterized using standard metallographic methods with a
Nikon MA 200 Eclipse microscope and image analysis using Elements-D software.

The a lath thickness, or interlamellar spacing, which is representative of typical a+B titanium
microstructures, was measured using the method recommended by Vander Voort et al. [27] which was
successfully used in a previous study [21]. The procedure consists of calculating the mean random
spacing, o,, using the intersection method. The intersection method is performed by overlaying a test
grid consisting of one circle of known radius, R, on the micrograph in an unbiased manner as shown in
Figure 3. The number of intersections of the a lamellae with the test line, M, are counted and divided by
the actual length of the test line, to obtain N,=2nR/M. The reciprocal of N, is the mean random
spacing: 0,=1/N,. The mean true spacing, o, is calculated dividing the mean random spacing by two:
0=0,/2. This methodology was applied for five images in each location and the values were averaged to
determine the interlamellar spacing at each location.
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Figure 3. Intersection of a laths on a 7.36 um radius circle measured with the image analysis software. The image was obtained
in the optical microscope at 1000x magnification and digitally zoomed [21].

Phase analysis was performed using a Panalytical Empyrean 2 X-Ray Diffractometer (Panalytical B.V.,
Almelo, Netherlands) using CuKa radiation at 40 keV and 40 mA from 30 to 150 degrees of 26. It should
be noted that texture and strain are present in these samples, so the XRD results are present for
qualitative comparison rather than quantitative phase fraction purposes.

2.3.2  Microhardness and tensile testing

Microhardness indentation measurements were made using a TUKON 1202 (Wilson Hardness) machine,
with a load of 10 N applied for 10 seconds. The values reported in this study are each average values of
15 individual microhardness measurements conducted in accordance with ASTM E384 [28].

Round tensile specimens were machined using a HAAS CNC mill and lathe, with a final length of 100 mm,
gauge diameter of 6 mm, and gauge length of 25 mm, Figure 4. The geometry and dimensions of the
tensile specimens, as well as the room temperature tensile tests, were performed following ASTM-E8M
[29] specifications, using an Instron 5500R test frame.

(a) (b)

Figure 4. (a) Manufacturing drawing, and (b) computer model of the round bar tensile specimens used for this body for work.
Drawings are not to scale, all units are in mm



3 Results and discussion

3.1 Thermal analysis of the EBM process

3.1.1 Thermal history

The relevant thermal events that determine the as-fabricated microstructure in the EBM process can be
simplified in three main stages [30]. First step is a rapid cooling from the molten state to the layer
temperature, followed by a quasi-isothermal stage at the local temperature until completion of the
build, and finishing with a slow cooling to room temperature, Figure 5.
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Figure 5. Cooling path and critical cooling rates for Ti-6Al-4V microstructure formation in EBM process with a chamber
temperature of 650°C. Microstructural transformations occurring in each stage are also shown.

The first stage comprises the cooling of the melt pool, solidification of the melt, and cooling to the
chamber temperature. The melt pool temperature values are estimated to be between 1900°C and
2700°C [30, 31]. One particular study made by thermography measured a temperature of 2500°C on the
melt pool [32]. The most critical cooling stage for the formation of the microstructure is the cooling
period from the solidification temperature (around 1900°C) to the chamber temperature because B
grains formation, as well as subsequent transformation of B phase, occur at temperatures above 870°C
[9]. In this stage, a diffusionless transformation occurs because the cooling rate is higher than the critical
martensitic transformation cooling rate estimated as 410 K/sec, and therefore a’ martensite phase is
formed. The cooling rate in this stage has been calculated to be in the range of 10°to 10° K/sec [33].

The second stage consists of a dwell at the fabrication chamber temperature, until all the layers that
comprise the build are finished, usually at 650-750°C. In this period, the a’ martensite is transformed
into an a+P structure [21, 30]. This is considered a quasi-steady state, where the temperature varies
gradually due to the heat transfer between the above layer melt pools and the rest of the manufacturing
part. The high temperature of the chamber (650-750°C) and complex re-melting and re-heating periods
transform the a’ martensitic phase into the more stable a+p microstructure [17, 21]. The third stage
comprises the slow cooling of the build from the chamber temperature to room temperature.



These three stages are the main stages that determine the resultant microstructure in the EBM process.
However, in reality the thermal history of a given point in the build, has a much more complex history
due to the influence of the upper layer melting pools, and reheating or partially re-melting the material
to a greater or lesser degree, depending on the scanning parameters such as beam power, scanning
velocity, and spot size [30, 34]. The next step in developing a better appreciation of the phase
transformations during the EBM process, and in order to obtain an understanding of the subsequent
microstructural changes occurring during the heat treatments, a study of the thermal history in the EBM
process was performed by developing a thermal simulation of the fabrication process.

3.1.2 Thermal simulation

A thermal simulation was performed in order to attain a better understanding of the complex thermal
history during the EBM process. ANSYS Workbench R15.0 software was employed for this task. The
simulation was accomplished for a beam scan on a 10x10x10 mm? cube, Figure 6a. The path of the
electron beam during the scanning of the layers is comprised typically by two main scanning strategies:
the first strategy named contouring, melts the outline of each 2D section; the second, called hatching
“fills in” the outline by rastering the beam within the section boundary. The contouring strategy uses a
technology known as MultiBeam, which rapidly moves the beam so as to keep several separate melt
pools active at one time. As a result of the MultiBeam settings, 50 melt pools are present during the
outer contour and 10 during the inner contours. The center of each section is then ‘filled in” by rastering
the beam in a ‘snaking’ melt strategy known as hatching (i.e., a forward and backward beam motion
with a continuous path). The hatching direction is rotated a certain angle between each layer. The beam
current during hatching is not directly set by the operator, instead, it is calculated by the EBM control
software and varied linearly with the length of the hatch line, such that smaller melt lengths have a
lower current [22].

The goal of this simulation was to demonstrate the complexity of the thermal history of the EBM
process compared to the “three-stage” simplified model described before, considering that the real
process is even more complex than that obtained by this simulation. The scanning process for the
simulation was simplified considerably, having one contouring and three lines of hatch for each melting
stage (Figure 6a). By performing the contouring and the hatch melting stages an approximation of how
the scanning steps influence the temperatures in the consecutive layers was obtained. The electron
beam movement simulation was performed assigning a time dependent energy input on the surface of
the cube in such a way that it follows the scanning path. The value of the energy input (200W for each
2x2 mm? segment) was adjusted in order to get melt pool dimensions and temperatures consistent with
previous works. [28-30, 35]

The following boundary conditions were considered for the simulation:

e Radiation heat transfer for the top surface (emissivity value: €=0.26) [27].

e Constant temperature for the bottom of the cube (build platform temperature: T=650°C)

e Conduction heat transfer in the cube (temperature dependent conductivity, density, and specific
heat) [23].

e Heat transfer between the solid cube and the powder was considered as temperature and
surface dependent, and directly proportional to a heat transfer coefficient (5 x10* W/(m?K)).
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Figure 6. (a) Scanning path of the electron beam for the thermal modeling. (b) Temperature evolution during scanning stage on
the surface. The temperature evolution of locations on the hatch area and on the contour zone is shown for the surface and four
layers at different depths.

The graphical result of the transient thermal simulation is shown in Figure 7. In the cross section of the
cube (Figure 7b) it is possible to see how the melt pool (red) penetrates inside the cube. A heat-affected
zone (orange) has been considered for the areas above the B transus temperature (1000°C).

ANSYS

R15.0
Academic

™ 469.07 Min

A

(a) (b)

Figure 7. Screenshot of the EBM process simulation: (a) entire part during the contouring strategy and (b) cross-section during
the hatching strategy.

As predicted, the effect of the electron beam during the scanning of the surface varies with the depth of
the layers below (Figure 6b), making the thermal history significantly more complex than that
considered in the simplified thermal history. According to the simulation, the melt pool can affect the
first 10-20 scanning layers, and due to the heat transfer to the solid part, the cooling rates of the melt
pool can reach 2000°C/sec.



3.2 As-fabricated microstructure and properties

Microstructures and mechanical properties of the heat-treated parts were compared to those in the as-
fabricated condition. Reference values for the as-fabricated condition were obtained from a previous
study reported by this team, where microstructure and mechanical properties were thoroughly
characterized and discussed [21]. The microstructure is comprised of prior B columnar grains oriented
parallel to the build direction (Z or vertical axis), Figure 8a. An a+B lamellar microstructure is observed
inside the prior B grains for planes both perpendicular and parallel to the build direction. The structure
of the lamellae is mainly Widmanstatten or “basket weave”, with an occasional colony microstructure.
The size of the columnar grains is not quantifiable due to the difficulty of grain boundary identification.
In several instances, the a layer at the prior B grain boundaries could be seen, Figure 8b, and average
thickness of 2 um was measured. Figure 9 shows the XRD pattern obtained from a Ti-6Al-4V ELI sample,
where only a and B peaks have been detected, confirming the a+B microstructure observed also by
microscopy.

(b)

Figure 8. (a) 3D microstructural cube (Z axis represents the build direction). (b) YZ plane microstructure (parallel to the build
direction). Basket weave and colony pattern a+8 lamellar structure can be observed in columnar arrangement divided by o
phase layer at the prior 8 grain boundaries [21].
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Figure 9. XRD pattern for the EBM build Ti-6Al-4V ELI sample, indicating a+8 phases.
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The reference values of the a lath thickness, tensile properties, and micro-hardness for the as-fabricated
condition employed in this study are as follows:

e a lath thickness: 1.4 um

e UTS=1073 MPa (£45 MPa)
e YS=1001 MPa (42 MPa)
o el=11% (+1%)

e Hardness: 366 HV (5 HV)

While it would be ideal to use AM produced components in their as-fabricated state, the use of various
heat treatments can change the mechanical properties to suit the required application. The effects of
solution heat treatments, cooling rates, and aging heat treatments are thus examined in the following
sections.

3.3 Effects of the cooling rate

3.3.1 Effects on microstructure and mechanical properties

The time and temperature of the heat treatment, as well the cooling rate, are the critical factors
affecting the final microstructure [34]. In this study, a solutionizing treatment was first applied at 1100°C
for 30 minutes. This temperature is 105°C above to B transus temperature of the alloy (which is around
995°C), ensuring that at the solutionizing temperature the microstructure of the sample is 100% B phase.
Then, with the purpose of studying the effect of cooling rate from temperatures above B transus on the
resultant microstructure and properties; furnace-cooling, air-cooling, and water-cooling were performed.
The cooling rate from temperatures above the B transus can control the formation of different
microstructures as shown in the continuous cooling transformation (CCT) diagram, Figure 10. Furnace-
cooling was measured reading the values of the furnace chamber temperature on the display. The
cooling rate of the air-cooling stage was measured with a thermocouple inserted in a hole drilled in the
center of the sample. The measured average air-cooling rate from 1100°C to 500°C was about 20°C/sec
which may result in formation of a small volume fraction of o’ martensite along with the a phase and in
addition to the previously existing B phase. The water-cooling rate was estimated to be 650°C/sec.

The results of this study are shown in Table 2. The first and second rows show the microstructures at
100x and 500x magnifications. On the last row, mechanical properties and micro-hardness values are
reported. The analysis of the results reveal the changes in the microstructure and properties of the heat-
treated samples due to different cooling rates compared to the as-fabricated condition. The increase in
tensile strength and micro-hardness with increasing cooling rate is evident. Ductility, however,
decreases considerably because of solutionizing above the B transus temperature. This causes the
morphology of the B grains to change from columnar to equiaxed.

10
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Figure 10. CCT diagram for Ti-6Al-4V (adapted from ref. [37]). Cooling curves of three different cooling methods (furnace, air,
and water cooling) employed in this work are plotted, showing the microstructural transformation associated with each method.

Table 2. Cooling rate study results for furnace, air, and water cooled conditions

1100°C/30min + furnace-cooling 1100°C/30min + air-cooling 1100°C/30min + water-cooling
x
S
S
-
x
S
S
)
.20um |
2 e UTS=913 MPa (+38 MPa) . UTS=998 MPa (52 MPa) . UTS=1200 MPa (x50 MPa)
ol * YS=774 MPa (112 MPa) . YS=847 MPa (90 MPa) . YS=932 MPa (80 MPa)
§ o el=13% (£2 %) . el=13% (£7%) . el=1.8% (£1.5%)
& e 378 HV (244 HV) . 365 HV (£31 HV) . 414 HV (£33 HV)
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The study of XRD diffraction patterns for as-fabricated, air-cooled, and water-cooled conditions, Figure
11, shows a weakening and an absence of a diffraction peak at the 26=57° position (denoted by the
black circle in Figure 11) in the air-cooled and water-cooled conditions respectively. This peak
corresponds to the B phase (200) plane diffraction peak. This fact, along with the visual analysis of the
microstructure, tensile test results, and micro-hardness values indicate that the air-cooled condition
contains o’ martensitic phase at some extent while the water-cooled condition contains a fully
martensitic microstructure.
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Figure 11. XRD diffraction patterns obtained with K., for as-fabricated, air-cooled, and water-cooled conditions.

The values for the UTS, YS, and % elongation have been plotted for each type of microstructure obtained
in this study, Figure 12. The graph shows that the columnar microstructure of the as-fabricated
condition has a higher strength than the equiaxed (a+pB) structure of the furnace-cooled condition. The
o’ martensite phase also has a strengthening effect, however the ductility of the alloy decreases
dramatically as the amount of a’ increases. The evolution of the hardness is also similar to that of the

12



UTS, with the lowest hardness value corresponding to the equiaxed a+p, and the highest to the fully o’
martensitic microstructure. The hardness of the as-fabricated, columnar a+B structure is similar to the
partially martensitic, air-cooled condition.
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(a) (b)
Figure 12. (a) Ultimate strength and Yield strength and (b) % elongation values for the microstructures obtained after different
cooling rates. Equiaxed a+8 corresponds to furnace-cooling condition, columnar a+8 corresponds to as-fabricated condition,
partially o’ corresponds to air-cooled condition, and fully a’ corresponds to water-cooled condition.

3.3.2 Effects on microstructure and mechanical properties after subsequent aging

The desired strength of a+f titanium alloys is achieved by solution heat treatment followed by different
aging treatments. Titanium alloys have two dominant hardening mechanisms: solid solution hardening
and precipitation hardening. The type of heat treatment dictates which of these two becomes the
dominant hardening mechanism. On slow cooling from B phase, the a phase is hardened by solid
solution hardening via partitioning of Al and O elements in a phase. On the other hand, long term aging
at circa 500°C results in precipitation hardening of the a phase via precipitation of Ti;Al. Quenching from
the B phase field results in formation of martensite with high dislocation density, which results in
hardening via dislocation strengthening [38—40]. Considering the effect that this heat treatment would
have on the EBM Ti-6Al-4V ELI alloy, two solution and aging treatments have been performed comparing
the effect of the cooling rate after solutionizing at 925°C for one hour, followed by aging at 450°C for 4
hours. The solutionizing was carried out at 925°C in order to maintain the columnar structure from the
as-fabricated condition, while understanding the effect of aging schedules. The resulting microstructures
and mechanical properties from the solutionizing + aging studies are shown in Table 3.

From the results, a considerable increase in the ultimate tensile strength was observed for the water-
cooled samples compared to the air-cooled samples. Significant variation in elongation was observed in
these tests, which is mostly attributed to a heterogeneous distribution of porosity. Water-cooling was
proven as an appropriate way to obtain the expected strengthening effect. The higher UTS for the
water-cooled condition is due to change in phase fraction as a function of temperature as shown in
Figure 13. Simulations using Thermocalc® show that at a temperature of 925°C the microstructure is
approximately 97% B phase. Water-cooling from this condition results in formation of a’ martensite
needles, which are visible in the micrograph in the top row of Table 3. The a’ phase is responsible for the
higher strength and reduced ductility of the water-cooled condition, and subsequent aging at 450°C for
4 hours does not result in decomposition of martensite into a phase due to sluggish transformation
kinetics. In order to recover some of the lost elongation, and achieve a favorable balance between

13



ductility and strength, an additional study was performed focusing on the aging effects. Aging studies
were performed on both as-fabricated a+B Ti-6Al-4V and previously solution heat treated materials, as
discussed in Section 3.3.

Table 3. Solution + aging treatments and results

Thermal cycle Properties
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Figure 13. a, 8 and TisAl equilibrium phase fraction for Ti-6Al-4V at different temperatures obtained from Thermocalc®.

3.4 Effects of aging time and temperature

The mechanical properties of a+f titanium alloys are strongly dependent on the morphology and
distribution of the a phase. In the case of alloys with a lamellar microstructure, the thickness of the a
lamellae and the diameter of their colonies has been shown to have the most significant effect on
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mechanical properties [9]. Vrancken at al. studied the influence of aging time and temperature for SLM
Ti-6Al-4V and underlined that the a lath thickness is dependent on the aging temperature [41].

In a previous iteration of this work which investigated the microstructure of EBM Ti-6Al-4V ELI, it was
found that aging the material resulted in a coarsening of the a lath within the microstructure [21]. In
that study, a systematic understanding of the effects of aging time on the coarsening of the a lath
thickness was obtained by examining specimens from the same area of a build that had subsequently
been annealed for different times at 600°C, 700°C, and 800°C, as shown in Figure 14. In order to expand
on the original work in the context of the current study, an additional set of aging experiments was
conducted at 900°C.
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Figure 14. Temperature-time diagram for the aging studies.

Selected microstructures and hardness values obtained from the aging studies are shown in Figure 15.
Micrographs show slightly coarser microstructures for the samples annealed at 700°C for 100 hours,
Figure 15b, than those of the as-fabricated condition, Figure 15a. The visual data were confirmed by the
measuring of the a lath thickness with image analysis software, where a coarsening from 0.66 um to
1.03 um was observed. The micro-hardness differences between the two conditions, however, are not
significant (369 HV versus 364 HV). As aging temperature was increased, the coarsening of the a lath
also increased as shown in Figure 15¢ and 15d, corresponding to the results for the aging treatments at
900°C for 20 hours and 70 hours. At this temperature, some effects can also be noticed in micro-
hardness. In contrast to the post-solutionizing microstructure studied in the previous section, the
microstructures of the annealed parts still retain the columnar morphology.
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Figure 15. Micrographs at 500x magnification for (a) as-fabricated, (b) annealed at 700°C for 100 hours, (c) annealed at 900°C
for 20 hours, (d) annealed at 900°C for 70 hours.

The results of the a lath thickness measurement for all the aging temperatures and times are plotted in
Figure 16. The graph shows that a lath grows with temperature and time. This phenomenon explains the
o lath thickness variation with the distance from the EBM build platform studied in a previous work [21].
The microstructure of the layers closer to the build platform have been at the chamber temperature for
a longer time than the layers further away, so the a lath thickness is larger at locations closer to the
build platform. The effect of the aging time and temperature on the a lath thickness has been correlated
with the following equation which was developed in a previous study [21]:

[T—BE
S ataen = Cagpen(e=0) - L+ 1000 (1)

where, &, .. is a lath thickness in pm, &4, .. r+=g) is o lath thickness of the starting material in um, t is

the aging time in hours, and T is the aging temperature in K. The calculated values using this equation
have been plotted along with the measured values in Figure 16 to evaluate the effectiveness of the
calculations using Eq. (1).
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Figure 16. Experimental data of o lath thickness versus aging time graph for different temperatures. Dotted lines represent the
values calculated using Eq. (1) [25]; additional data at 900°C have been added to the original work.

Next, the relationship between a lath thickness and micro-hardness and tensile properties have been
addressed. Micro-hardness values have been measured for the samples annealed at different time and
temperature combinations, and are plotted for the corresponding a lath thicknesses, Figure 17. In this
plot, values from a previous study [9] were also added, and a relationship between a lath thickness and
micro-hardness was observed.
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Figure 17. Experimental micro-hardness measurements for different o lath thickness values including values reported by
Sieniawski et al. [9]. Dotted lines represent the values calculated using Eq. (3).

The effect of the a lath thickness on the mechanical properties can be explained following the
dislocation theory assuming that microstructural features act as obstacles to dislocation slip, causing
dislocation pile-ups. In coarse grained materials, the stress multiplication caused by the dislocation pile-
ups is much greater than in fine-grained materials. The empirical relation between microstructural size
and mechanical properties such as hardness and yield stress can be written by a Hall-Petch type
equation [42], using a lath thickness:

H=Hy+kgo " 2)

Tlath
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where, H can be either hardness or yield stress, 84, is the a lath thickness, and ky and H, are

constants. Traditionally, the microstructural size for a + B titanium alloys has been related to the grain
size or colony size. In this study, a lath thickness was considered as the relevant microstructural
characteristic dimension, following a previous work where Hall-Petch equation was proposed for
lamellar structured steels [43]. A Hall-Petch type equation was previously suggested for hardness and
yield strength of EBM Ti-6Al-4V by Jamshidinia et al. [44]. The empirical relation between a lath
thickness and hardness values obtained in this study, as well as values shown by other authors [12],
Figure 17, was modeled with the following equation:

-1/2

HV =307 + 446, " (3)

where, HV is Vickers micro-hardness and &, is the a lath thickness in um.

As demonstrated in our previous work [21], porosity is the main factor controlling tensile properties but
microstructure is also important, especially for cases where porosity is close to zero. Under these
circumstances, microstructure becomes the main factor influencing mechanical properties. In this work,
different aging treatments have been performed for the vertically oriented specimens from a batch
where porosity was considered constant for all specimens in the build. Thus, the influence of the a lath
coarsening on tensile properties was studied. Figure 18 shows the tensile test results versus a lath
thickness; a lath thickness has no relevant influence on the ultimate strength, however, there is
considerable decrease in the yield strength and elongation as the a lath thickness increases. This can be
explained considering that a decrease in a lath thickness reduces the effective slip length and therefore
increases the yield strength.
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Figure 18. (a) UTS and YS versus o lath thickness and empirical correlations. The standard deviations were measured as 50 MPa

for the UTS and 72 MPa for the YS. (b) Elongation versus o lath thickness and empirical correlation. The standard deviation was
measured as 2.5%.

The increase of the yield strength with the refinement of the microstructure can be explained in the
same way as the increase of the hardness and modeled with a Hall-Petch equation:

-1/2

oys =737 +144 8" (4)
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where, oys is the yield strength in MPa and &g, is the a lath thickness in pm.

lat
The influence of the a lath thickness on the ultimate tensile strength is not evident, however, a linear
correlation was obtained to show the slight decrease observed with the increase in the a lath thickness:

Oprs = 986 — 54 6ﬂciﬂ.ti". (5)

where, gyrs is the ultimate strength in MPa and ., is the a lath thickness in pm.

Tigt

The effect of the a lath thickness on the elongation is more complicated in lamellar a+f titanium alloys.
The refinement of the microstructure increases the elongation until it reaches a maximum peak, then it
decreases drastically. This phenomenon is attributed to a change in the fracture mode from
transcrystalline to intercrystalline [38]. Studying the trend of the elongation values obtained in this study,
Figure 18b, only the transcrystalline mode of fracture was considered operational for the a lath
thickness range studied in this work. Therefore, a linear correlation was developed to model the
empirical relation between a lath thickness and tensile elongation:

el =20 — 2.98,,,, (6)

where, el is the % tensile elongation and &g, is the a lath thickness in um.

From these results it is apparent that in order to maintain the mechanical properties, particularly the
ductility, of the alloy, the aging temperature should not exceed 600°C. Below 600°C the growth of a lath
thickness is minimal. Thus, in the second part of the heat treatment study, the optimization of the aging
parameters was sought by applying a range of aging temperatures not exceeding 600°C (500°C, 550°C,
and 600°C were chosen as a suitable range of values). The aging was carried out at each these
temperatures for times of 3, 4, 5, 6, 7, and 8 hours as shown in Figure 19. The solution heat treatment
prior to the aging was kept constant for each test at 925°C for 1 hour followed by water-cooling.
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600°C
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s00°C

Temperature (*C)

Time [h]
Figure 19. Temperature-time diagram of the solutionizing + aging at different aging times and temperatures.

The results of the study have been plotted in a property-time diagram, Figure 20, where UTS and
elongation values are shown for different aging temperatures. In this approach, a lath thickness was not
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considered relevant because the aging treatments were performed at temperatures equal or below the
minimum temperature (600°C) that causes an appreciable a lath coarsening as determined in the
previous approach and shown in Figure 16.
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Figure 20. UTS and % elongation values for different aging times and temperatures.

Studying the values in Figure 20, a decrease in the UTS values with increasing temperature and time can
be observed. At 600°C, the diffusion kinetics are faster than at 500°C, which possibly results in the
transformation of a’ martensite to a phase thereby causing a reduction in UTS. Therefore, with
increasing time and temperature, as the transformation reaches different levels of completion, changes
in UTS can be noticed. The elongation however, does not show a clear trend and the effect of the heat
treatment on this property is not well understood. This is overall a complex process because up to 550°C
o’ martensite starts to transform to a phase by diffusion and simultaneously the TisAl starts to
precipitate in the a phase. More experiments have to be done in order to have a better understanding
of the influence of the solutionizing and aging heat treatment on EBM Ti-6Al-4V ELI material.

Considering the results in Figure 20, it can be seen that the strength and ductility of the alloy can be
altered by changing the time and temperature of the aging heat treatment. As would normally be
expected, a tradeoff between strength and ductility is observed. If an application demands high strength,
but ductility is not critical, then aging at 500°C for 5 hours to give a UTS of 1352 MPa and an elongation
of 7.3% could be a viable solution. Conversely, if high ductility is required but high strength is not
required, then aging at 550°C for 8 hours would provide a UTS of 1271 MPa and an elongation of 10.5%.
For applications where fatigue is the main design factor, the nature of the fatigue cycle needs to be
considered. For example, low cycle fatigue will require higher ductility while for high cycle fatigue,
higher strength is a more critical consideration.
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4 CONCLUSIONS

The research results presented in this study have led to the following conclusions:

Finite element thermal simulation showed that the thermal history produced by EBM processing,
as well as other powder bed fusion AM technologies, is complex due to the influence of
contiguous and upper layer melting pools. The elevated build chamber temperature of the EBM
process (650-700°C) also plays an important role, specifically being responsible for
comparatively lower residual stresses in the final part than those associated with other AM
processes.

EBM Ti-6Al-4V ELI in its as-fabricated condition was found to have a 14% higher UTS compared
to the equiaxed a+f structure of conventionally processed wrought material;

The study solutionizing heat treatments revealed that the columnar prior B grains, characteristic
of the as-fabricated condition, transform to equiaxed;

It was observed that faster cooling rates after solution heat treatment produce a greater
amount of o’ martensitic phase, with water-cooling at a rate of 650°C/sec resulting in a fully o’
martensitic microstructure;

The o’ martensite phase was found to have a considerable strengthening effect in the material,
however, the ductility of the alloy decreased dramatically with the amount of a’. Water-cooled
solution heat treated material (fully o’ microstructure) has 31% higher UTS and 86% lower
ductility than the furnace-cooled solution heat treated material (a+B microstructure).

A relationship between the aging parameters (time and temperature) and a lath thickness has
been further developed from reference [21] and validated for a temperature range from
600-900°C; no increase in the a lath thickness was observed below 600°C;

Increases in a lath thickness was found to have a detrimental effect on mechanical properties.
An increase in a lath thickness from 0.62 to 2.9 um reduced micro-hardness, YS, UTS, and
elongation by 11%, 8.5%, 1.5%, and 26% respectively.

Equations were developed to relate the a lath thickness to the resulting micro-hardness, YS, UTS,
and elongation of EBM Ti-6Al-4V ELI material;

Combining solutionizing and aging heat treatments indicated that mechanical properties of EBM
Ti-6Al-4V ELI material can be tailored by adjusting the cooling rates, temperatures, and times of
the heat treatment. Thus, an optimized heat treatment needs to be selected based on the
nature of the application. Specific consideration needs to be given to the effects of heat
treatments on structural properties, including fatigue and fatigue crack growth, for the future
implementation of the EBM process in high-integrity applications.
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