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Abstract

The hot working behaviour of additively manufactured Ti-6Al-4V pre-forms by Electron Beam
Melting (EBM) has been studied at temperatures of 1000-1200 °C and strain rates of 0.001 to 1 s%. As
a reference, a wrought Ti-6Al-4V alloy was also analyzed as same as the EBM one. In order to
investigate the hot working behaviour of these samples, all the data evaluations were carried out step
by step, and the stepwise procedure was discussed. No localized strain as a consequence of shear band
formation was found in the samples after the hot compression. The flow stress curves of all the samples
showed peak stress at low strains, followed by a regime of flow softening with a near-steady-state flow
at large strains. Interestingly, it is found that the initial microstructure and porosity content as well as
the chemistry of material (e.g. oxygen content) as being possible contributors to the lower level of flow
stress that could be beneficial from the industrial point of view. The flow softening mechanism(s) were
discussed in detail using the microstructure of the specimens before and after the hot deformation.
Dynamic Recrystalization (DRX) could also explain the gentle oscillation in the appearance of the
flow softening curves of the EBM samples. Moreover, the hot working analysis indicated that the
activation energy for hot deformation of as-built EBM Ti-6Al-4V alloy was calculated as ~ 193.25
kJ/mol, which was much lower than the wrought alloy (229.34 kJ/mol). These findings can shed lights
on a new integration of metal Additive Manufacturing (AM) and thermomechanical processing. It is
very interesting to highlight that through this new integration, it would be possible to reduce the forging
steps and save more energy and materials with respect to the conventional routes.

Keywords: Additive Manufacturing, Electron Beam Melting; Ti-6Al-4V alloy; Hot Compression; Softening
mechanisms, Flow curve modelling

1. Introduction

Ti-6Al-4V alloy, which is an a + B titanium alloy, is a very well-known alloy in different sectors such
as aerospace and biomedical. This considerable amount of application is mainly because of the low
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density, high strength to weight ratio, excellent corrosion resistance, excellent fatigue performance,
and biocompatibility of Ti alloys [1,2].

Forging is one of the main conventional processes that have been used in the production of Ti-6Al-4V
parts [3]. In general, the production of titanium parts is divided in two steps; (1) production of titanium
billets after the extraction via Kroll process and alloying, (I1) shaping the billets via thermomechanical
processes such as extrusion and forging [4]. However, this conventional production route of Ti-6Al-
4V parts was found to be a low efficient and costly route. Therefore, over the last decades, several
efforts, such as the substitution of electrode oxidation instead of the Kroll process, have been
considered to reduce the production cost of Ti alloys [5]. In addition to the cost and efficiency of
production, some inherent characteristics of titanium alloys such as their poor thermal conductivity
and high reactivity to oxygen make their conventional production processing very challenging. Hence,
powder-based manufacturing methods such as Additive Manufacturing (AM) processes have been
explored as an important and effective solution. In fact, AM processes provide a more efficient and
rather cheaper solution for the production of Ti parts and address all the challenges which have been
reported in the production of Ti components [6,7].

Metal AM includes different technologies in which complex-shaped components are built in a layer-
by-layer production process [1,8]. Nowadays, AM could attract lots of interests, mainly because of its
flexibility in the production/repair of high-value components with a high grade of complexity that
substantially needs more processing steps in conventional manufacturing/repairing routes [9,10]. As a
matter of fact, in AM processes as advanced manufacturing technologies, a complex 3D near-net-
shaped part can be produced in a single step and small lot sizes using metallic powder and a Computer-
Aided Design (CAD) file [11,12].

Metal AM processes are classified in two main groups: Powder Bed Fusion (PBF) processes and
Wire/Powder feed ones which are also known as Directed Energy Deposition (DED) processes [13,14].
In the PBF processes which are based on the melting of a powder bed selectively, two types of heat
source can be employed: laser and electron beam. Indeed, the process using the laser is known as Laser
Powder Bed Fusion (LPBF), and another one using the electron beam is defined as Electron Beam
Melting (EBM) process [2,15-18]. The specific working conditions of the EBM process, such as the
presence of a preheating step before the melting phase and high Vacuum chamber, make this process
more promising with respect to other metal AM technologies, in particular for the production Ti parts
[11]. These working conditions bring lots of advantages, such as negligible residual stress in the as-
built state, high purity, high grade of powder recyclability and high productivity into this technology
in comparison with other metal AM technologies [1,2,8,11,15].

Therefore, nowadays, metal AM technologies have been widely employed to produce Ti-6Al-4V parts
[19,20]. However, despite overcoming all aforementioned challenges in the production of Ti-6AIl-4V
components, some other issues such as the presence of micro-voids and microstructural
inhomogeneities are still present. Hence, Hot Isostatic Pressing (HIP) is introduced as a solution to
eliminate not only the residual defects but also the columnar microstructure, which is formed during
the building process. Nonetheless, it is very interesting to note that the mechanical properties of Ti pre-
forms produced via EBM are rather comparable with those produced via conventional processes [21].
On the other hand, it is reported that through a well-controlled forging process that results in the
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formation of a fine duplex microstructure including the primary a phase and Widmanstétten (a+p)
regions, it would be possible the strengthen the alloy. This kind of microstructure is the most promising
one to achieve the best properties, mainly owing to take the advantages of lamellar and globular
microstructures. Thus, to achieve such a kind of microstructure, further thermomechanical processing
IS necessary.

In this regard, the combination of LPBF and thermomechanical processing has been recently
considered as a promising approach to take the advantages of both processes [22—24]. It is found that
higher performance levels can be achieved via the integration of AM into conventional manufacturing
methods [25]. For instance, production of adapted pre-forms for the forging operations by AM
technologies can result in the reduction of forging steps and consequently, material waste [26]. For this
reason, the hot compression of LPBF Ti-6Al-4V alloy in the dual-phase o+f region (from 850 °C to
1000 °C) has been studied by Bambach et al. [4]. They found that the hot working performance and
the resulted microstructure of AM and the wrought materials were similar. However, the LPBF one
showed a lower level of flow stress and apparent activation energy of hot deformation. Nevertheless,
according to the existing literature, the integration of EBM and thermomechanical processing as well
as the hot working behaviour of as-built EBM Ti-6Al-4V alloy, in particular in the single-phase -
region, has not been considered and investigated. Hence, there is a lack of data on the microstructural
evolution and deformation mechanism(s) in the hot deformation of EBM Ti-6Al-4V alloy in the single-
phase B-region [27-30].

In addition, reports on the flow stress modelling of additively manufactured alloys are scant: FeCr
alloy [31] and Ti-6Al-4V alloy [32]. Tao et al. [32] examined the suitability of the usual Arrhenius
strain-compensation technique and Artificial Neural Network (ANN) model for prediction of flow
stress of Ti-6Al-4V alloy during hot compression in the two-phase a+f region (from 700 °C to 900
°C). The widely used Arrhenius technique has so many parameters to be determined [33-37], and the
ANN method does not give a simple flow stress formula for simulation purposes [38-40]. Therefore,
a simple approach is required to model the flow stress, which also considers the pre-defined creep
theories.

Therefore, this paper attempts to fill the knowledge gaps as regards the feasibility of the integration of
the EBM process and thermomechanical processing as well as introducing a simple approach to model
the flow stress of the EBM materials. For this reason, for the first time, hot deformation behaviour and
microstructure evolution of EBM Ti-6Al-4V pre-forms were studied at temperatures of 1000-1200 °C
and strain rates of 0.001 to 1 s*. All the finding for the EBM pre-forms were compared with those of
wrought alloy. Moreover, the hot flow stress of EBM Ti-6Al-4V alloy was modelled and predicted via
constitutive equations. All the constants of the constitutive equations and the activation energy of the
hot deformation of this alloy produced by EBM process were calculated and reported.

2. Materials and Methods
2.1. Sample preparation

Extra-low interstitials (ELI) grade Arcam Ti-6Al-4V powder was employed as starting material to
produce the cylindrical samples in this work. The chemical composition of the ELI Ti-6Al-4V powder
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that is shown in Table 1 exhibits that the starting powder contains reduced levels of oxygen, nitrogen,
carbon and iron. The starting powder used in this work has a particle diameter ranging from 45 to 106
pm and a volume median diameter of approximately 75 pm. Scanning Electron Microscopy (SEM)
observation of powder revealed spherical particles, with homogeneous morphology, a rather smooth
surface, few satellites around the particles and no internal porosity (Fig. 1(a-c)). An extruded rod with
a diameter of 10 mm was considered as the wrought sample, where its chemical composition is also
shown in Table 1.

Table 1: Chemical composition (wt.%) of the Arcam powder and wrought alloy used in this work.
Ti-6Al-4V Al V C Fe 0 N H Ti
Standard (ELI) 55-65 3.5-45 <0.08 <0.25 <0.13 0.05 <0.012  Bal.
Arcam (ELI) 6.41 3.86 002 019 0.09 0.01 0.002  Bal.

Wrought 6.2 4.1 0.01 0.2 0.12 0.01 0.001  Bal.

Ti-6Al-4V samples were built using an Arcam A2X EBM machine. The standard Arcam A2X build
theme for Ti-6Al-4V (accelerating voltage of 60 kV, a layer thickness of 50 um, and software version
of 5.2.52) was used to produce the samples. All the cylindrical samples (@ =10 mm, h = 15 mm) for
the hot compression test were built vertically, 5 mm above the start plate and connected to the start
plate by means of standard thin wafer supports (Fig. 1(d)).
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Figure 1. (a-b) SEM images, and (c) cross-section of starting Ti-6Al-4V powder, (d) design of the hot compression
samples to be produced via EBM.



Prior to the powder spreading for the first layer, a stainless-steel start plate was preheated to 700 °C by
electron beam scanning. After that, a layer powder was spread on the preheated start plate, and
preheating phase of powder was started before its selective melting. This powder preheating before the
fusion was repeated for each layer until the end of the building process. Throughout the EBM process,
the entirety of the powder bed was kept at a temperature no lower than 580 °C. When the build is
completed, the unmelted powder was blown off from the samples in a powder removal system (PRS)
using the same powder and compressed air. Afterwards, all the wafer supports were removed from the
samples by use of wire electrical discharge machining (WEDM) to prepare the samples for the hot
compression tests.

2.2. Hot compression

The hot deformation tests were performed using a Zwick Roell Z250 universal machine equipped a
load frame rate for a maximum load of 250 kKN and a computer-controlled resistance furnace with a
temperature accuracy of + 5 °C. During the test, the load and displacement data were registered via a
data acquisition system. The hot compression tests were carried out at temperatures in the range of
1000-1200 °C, which is the single-phase B region, with a step size of 50 °C, under strain rates of 0.001-
1 s up to the total strain of 0.70 (Fig. 2). Before the compression test, all the samples were kept for 5
min at the deformation temperature to achieve a uniform distribution of heat in the sample. In order to
minimize the friction between the samples and anvils and consequently homogenize the compression
force, a thin layer of mica was placed between the surfaces of the samples and the anvils. In this way,
it would be possible to prevent the sticking issue during the quenching phase and facilitate a uniform
deformation at high temperatures. After the hot compression test, to preserve the as-deformed
microstructures, all samples were immediately water quenched.

J nND Deformation
deformation Termp
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Figure 2. The heating and deformation cycle used in this work.

2.3. Characterization

Samples for microstructural analysis using optical and electron microscopes were cut parallel to the
building and compression direction. Thereafter, their cross-sections were ground using 600 and 1000
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grit SiC abrasive paper followed by 9 um diamond paste. As the final surface preparation step, the as-
polished surfaces were polished using a mixture of 1pum alumina particles and 10% of 30% H20..
Finally, to accentuate the microstructure, the as-polished surfaces were etched employing Kroll’s
reagent (92 ml H2O, 6 ml HNOz and 2 ml HF) [19,41]. The microstructures of as-built and as-deformed
specimens were analyzed by a FEI Nova Field Emission Scanning Electron Microscopy (FESEM), a
Leica Stereo and Optical Microscope (OM).

3. Results and discussion
3.1. As-built EBM and wrought microstructures

Microstructures of as-built EBM and wrought samples are shown in Fig. 3 and Fig. 4. As previously
reported by several researchers [2,20], and can be seen in Fig. 3, as-built EBM samples characterized
by long columnar B grains along the building direction (Fig. 3(a)) as well as lamellar structure with
fine o platelets oriented in different directions. This type of oriented fine o platelets is also known as
Widmanstatten microstructure (Fig. 3(b)). FESEM image in Fig. 3(b-c) clearly shows that despite the
presence of some o colonies (parallel a platelets), most of the a platelets are individual that can be a
direct consequence of a rather high cooling rate during the transformation of B—oa. Besides, a
continuous a layer was found along the prior 3 grains that is called as acg. This epitaxial growth of the
B grains that leads to the formation of columnar grains in the direction of the maximum thermal gradient
(namely is the building direction) can result in a high grade of anisotropy in the material.
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Figure 3. (a) Stereomicrograph of the as-built EBM Ti-6Al-4V sample, (b-c) SEM image of as-built EBM Ti-6Al-
4V sample at two different magnifications.

As a reference alloy, a wrought a + 3 titanium alloy (Ti-6Al-4V), was also considered and investigated.
As same as the EBM one Fig. 4 shows the bimodal or duplex a + p microstructure of the as-received
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wrought Ti-6Al-4V alloy. The average grain size, which was evaluated by the intercept method, is 53
+ 5 um (Fig. 4(b)). As can be seen in Fig. 4(c), the wrought alloy primarily includes equilibrium o and
B phases which are shown by arrows (phase B is the white phase, and phase a is the black one).

Figure 4. (a) Stereomicrograph of the as-received wrought Ti-6Al-4V sample, (b-c) SEM image of as-received
wrought Ti-6Al-4V sample at two different magnifications.

The porosity content of both specimens in the as-received state was evaluated through the image
analysis method. It is revealed that the porosity content of the as-built EBM cylinders (0.13 £ 0.05%)
are slightly higher than those of wrought alloy (0.061 + 0.002%). Since the response of each material
against any external load is directly corresponds to its microstructure [42—44], different flow softening
behaviours in two different materials (as-EBM and wrought) can be expected.

3.2. Flow softening behaviour

Fig. 5(a) demonstrates examples of the hot compression flow curves of the EBM and wrought Ti-6Al-
4V alloy deformed in the temperature range of 1000-1200 °C and strain rates range of 0.001 to 1 s2.
These graphs were plotted using the true stressed which are determined via the division of load over
the surface area. The true strains also calculated through the equation of e--In(l/lo) in which I is the
starting height, and | is the instantaneous height of the samples. As can be seen in this figure, all the
samples show somewhat similar flow softening behaviour in which the stresses reach a peak at a critical
strain and then remain in rather steady-state stresses. However, it should be noticed that the difference
in their specific stress behaviour can be related to the initial chemical composition, microstructure,
temperature and strain rate [45]. Fig. 5(b) exhibits the flow curves of the samples after the hot
deformation at different temperatures and a constant strain rate of 0.1 s. This Figure clearly shows
that by increasing the deformation temperature, the flow stress decreases. In addition, as can be seen
in Fig. 5(a-b) by increasing the deformation temperature and decreasing the strain rate the difference



between the flow stress of the EBM and wrought samples decreases that can be as a result of higher
diffusion rate at higher temperatures.

It is very interesting to highlight that in Fig. 5(a-b) also reveal that at each deformation condition, the
flow stress of EBM alloy is lower than that of wrought one. This difference can be related to the effect
of initial microstructure, defect and oxygen contents of the starting materials. In fact, it is revealed that
while the oxygen content of the EBM samples was lower (Table 1) than the wrought material, their
porosity content was slightly higher than those of wrought. However, it should be noticed that in both
cases no porosity was found after the hot deformation process. This easier flow softening behaviour of
the EBM samples can be considered as a benefit for the pre-forms produced via this technology in
comparison with that of wrought.
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Figure 5. True stress-strain curves of as-built EBM and wrought Ti-6Al-4V alloy indicating the effect of (a) strain
rate, and (b) compression temperature.

In general, the appearance of the flow softening curves provides some information that facilitate the
recognition of the mechanism of hot deformation. It is found that at strain rates lower than 0.1 s™ the
curves were of almost steady-state type at all the temperature range. This type of flow softening curves
implies that the mechanisms of softening were as fast as the work hardening rate. This flow softening
behaviour can be an indication of different mechanisms such as Dynamic Recrystallization (DRX),
Dynamic Recovery (DRV) or superplasticity that could happen at very high rates [27]. Sheppard et al.
reported that DRV could be considered as the primary dynamic restoration mechanism in the  phase
mainly because of its crystallographic structure which is Body-Centered Cubic (BCC) and the high
Stacking Fault Energy (SFE) of the material [23,46]. On the other hand, as can be seen in Fig. 5, in the
stress-strain curves, in particular at high temperatures and low strain rates there are some oscillations
that can be considered as an indication of DRX.

In general, when DRV occurs, the flow softening curves have a simple shape in which at low strains
strain hardening takes places that continuo to reach a steady-state flow at high strains. In materials with
high SFE, like Ti-6Al-4V, the generated dislocations during the deformation at the beginning become
entangled and thereafter climb and annihilation would occur that leads to the formation sub-grains in
the grain interiors. On the other hand, Seshacharyulu et al. reported that in the Ti-6Al-4V alloy, in the
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B phase regime, DRX is the dominant restoration mechanism [27]. Hence, further investigations such
as microstructural analysis are necessary to define the hot deformation mechanism (s).

Typical microscopic images of Ti-6Al-4V EBM specimens after the hot deformation in the single 3
region are shown in Fig. 6. Interestingly, it is found that after the hot compression, no indication of
localized shear band formation was revealed in all the samples. As it can be seen barreling, which is a
well-known phenomenon in the open-die forging occurred in the samples after the hot compression
(Fig. 6(a)). As can be seen, each sample consists of three distinct zones; “dead” zone at the top and
bottom of the specimens which was in contact with the anvils, “severe plastic deformation” zone in the
center and “partially plastic deformation” zones in the lateral sides of the specimens.

Figure 6 , (b) optical micrograph
of the dead zone, (c) optical micrograph of the severe plastically deformed zone, (d) FESEM micrograph of (c) at
higher magnification.

A representative microstructure of the dead zone, which is shown in Fig. 6(b) shows that no restoration
mechanism(s) was activated during the hot compression. Thus, no significant microstructure change
was found in these zones. This behaviour is mainly owing to the effect of heat exchange and friction
with the anvils. Whereas, in the severe plastic deformation zone which is shown in Fig. 6(c-d) it is
clear that even if the deformation features are destroyed because of cooling across the transus
temperature, some signs of DRX such as irregular prior  grain boundaries is detectable. In addition,
it is revealed that the grain after the hot compression become rather elongated in the direction
perpendicular to the applied force. The presence of these elongated grains can be attributed to the work-
hardening accompanied by DRV mechanism during high-temperature deformation. Therefore, for the
microstructural analysis to define the hot deformation mechanism, all the attention was paid in the
inner sever plastic deformation zone. Microstructural analysis shows that the starting structure, hot
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working condition and subsequent cooling rate after the hot compression, are the key factors that define
the microstructure evolution. Fig. 7 exhibits the microstructure of the EBM and Wrought Ti-6Al-4V
alloys from the severe plastic deformation zone after the hot compression at 1000 °C and strain rate of
0.1 s, This figure clearly shows that curved grain boundaries surround the dynamically recrystallized
grains [47,48]. In fact, the recrystallized grains are relatively fine compare to the original grains and
their nucleation initially started from the prior beta grains and then next to the recrystallized grains.
However, it should be note that the quenching of specimens after the hot compression that resulted in
the phase transformation of B—a' made the detection of DRX grains very challenging [48]. Therefore,
this figure which suggests the incident of DRX, can also explain the gentle oscillation in the appearance
of the flow softening curve, in particular at higher temperatures and lower strain rates [49,50]. These
findings suggest that when hot deformation is performed at the temperatures above the tarnsus
temperature, the flow softening curves are almost constant, which indicate that DRV and DRX were
in operation. Nonetheless, the degree of DRX can be varied with the initial microstructure, strain rate
and temperature [51]. In addition, it is very interesting to noted that in the as-deformed EBM samples
in comparison with the as-built state that characterized by columnar grains with the average grain width
0f95.4 £ 9.7 um and grain length up to several millimeters, the grains are much finer.

0 || e
Figure 7. FESEM micrograph of the cross-section of (a) EBM, (b) Wrought Ti-6Al-4V alloy after the hot
compression at 1000 °C and strain rate of 0.1 s,

Fig. 8 compares the initial and deformed microstructures of EBM and wrought Ti-6Al-4V samples
after the hot compression at 1000 °C and strain rate of 0.1 s™. As can be seen, when hot deformation
is carried out in the single B regime which is above the transus temperature, almost all the prior a
phases may be transformed into the high temperature  phase. This phase transformation can happen
before the hot compression or when the sample is under the hot compression. In general, it is reported
that in the most of metallic alloys the driving force which is necessary for recrystallization comes from
the stored energy as a consequence of the dislocation density. This stored energy is found to be in the
range of 10-100 J/mol [51]. Whereas, the stored energy for solid-phase transformation arises from the
diversity of the free energies between the constituent phases. This driving force was found to be about
1.0 kJ/mol [51,52]. This significant difference between these two required stored energies for
recrystallization and phase transformation suggests that, during the hot compression test, occurrence
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of phase transformation needs more stored energy in comparison with DRX [51]. Therefore, in the
case of EBM sample with finer o lath thickness since the kinetics of phase transformation is faster, the
required driving force for DRX during the hot compression is provided and thus the oscillations as a
result of DRX in the EBM curves are more visible with respect to the wrought one. This finding can
also confirm that the degree of DRX in the EBM samples can be higher than the wrought alloy. The
microstructure of quenched samples suggests that this  phase is likely transformed into fully acicular
martensite after the hot compression. It is important to highlight that in the case of EBM Ti-6Al-4V, it
would be possible to achieve a higher degree of phase transformation (a—) during the holding step
before the hot compression test (insets in Fig. 9(a-b)). This discrepancy can be related to the size of o
phases in the EBM samples which are finer than those in the wrought alloy. In fact, a thickness
evaluations via image analysis exhibited that this value for the EBM and wrought alloys were
1.45+0.52 um and 3.54+0.75 um, respectively. This difference in the size of o phases can change the
kinetics of transformation and leads to a higher transformation in the case of EBM samples [53]. On
the other hand, the as-built EBM samples that, on the contrary of the wrought alloy, is produced via a
rapid solidification process may have higher quantity of the beta phase [54]. This difference in the
degree of the phase transformation as well as different phase fractions in both samples can result in a
higher B content with the BCC structure during the hot compression of the EBM samples [55].
Therefore, the difference in the thickness of o platelets and phase fractions together with the higher
porosity content as well as the lower oxygen content can be considered as the possible reasons for
having lower flow stresses in the case of EBM samples.

Figure 8. FESEM micrograph of (a) as-built EBM, (b) as-received wrought, (c) as-deformed EBM and (d) as-
deformed wrought Ti-6Al-4V alloy hot compressed at 1000 °C and strain rate of 0.1 s%.

Fig. 9 compares the general microstructure of the EBM and wrought Ti-6Al-4V alloy in the as-
homogenized state. As can be seen the EBM sample characterized with a coarser grain that could be
11



as a consequence of the nature of AM process. As a result, this coarser grain reduces the resistance to
dislocation sliding and facilitate the dynamic softening mechanism to take place during the hot
compression [51].
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Figure 9. OM microstructure of (a) EBM, (b) wrought Ti-6AI-4V samples after homogenization for 5 min at 1000
°C.

3.3. Constitutive analysis

In general, the flow stress of the metallic materials during thermomechanical processing can be
determined by using constitutive equations based on the fundamental one that is given as follow:

Z = éexp (RQ—T) = f(o0) (1)

Where Z is the Zener-Hollomon parameter that is also considered as the temperature compensated
strain rate, and Q is the deformation activation energy. By consideration of the Zener-Hollomon
parameter (Eq. 1), the power-law creep equation (Eg. 2) can be rewritten as Eq. 3 [56]:

& = Aexp(— RQ—T)G" @)
Z = éexp (RQ—T) = Ao™ 3)

where n is the stress exponent and A is a constant. Taking natural logarithm from both sides of Eq. 3
results in the following expression:

Ine = [lnA - I?—T] +nilno 4

According to this equation, n can be calculated based on the slope of the plot of Iné — Ino. Since in
the calculation of n and Q using this equation, no specific strain is recommended, the flow stresses
related to either steady-state or peak can be utilized [57,58]. Hence, for these calculations, the stresses
associated with the strain of 0.5 are considered from the flow stress curves. The estimated stress
exponent n for this alloy in the single 3 region is ~ 4.37, 4.25, and 4.32 for the EBM material deformed
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at 1000 °C, the EBM material deformed at 1100 °C, and the wrought material deformed at 1000 °C,
respectively (Fig. 10(a)).
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Figure 10. Plots used to obtain (a) n and (b) Q for hot deformed materials.

These values are well comparable with a value of 4.3, which has been reported for a superplastic Ti-
6Al-4V alloy [51]. On the other hand, these values are very close to the theoretical value of 4.5 which
is related to the deformation mechanism of glide and climb of dislocations in the climb-controlled
regime [59,60] as a usual hot deformation mechanism of Ti-6Al-4V alloy [61-63]. After that, based
on the confirmed deformation mechanism, the n values of 4.31 and 4.32 were used in this section to
calculate the activation energy of deformation for the EBM and wrought Ti-6Al-4V samples,
respectively. This consideration makes the analysis more reliable for both samples (EBM and
wrought).

Substantially, activation of deformation can be calculated from a partial differentiation of Eq. 4 that
results in the following equation:

i = () tne )+ (9) (1) ©

According to Eq. 5, as shown in Fig. 10(b), the slope of the plot of /no —1/RT gives the value of Q/n.
As a result, by consideration of negm = 4.31 and nwrought=4.32, the activation energy of deformation for
the EBM and wrought samples are about ~ 193.25 kJ/mol and 229.34 kJ/mol, respectively.
Interestingly, it can be seen that the Q value in EBM material is lower than the wrought material. This
finding is entirely in agreement with the microstructural evaluations. As mentioned earlier, in the EBM
samples which have coarser B grains, the dislocations can slide easier and consequently results in lower
activation energy of deformation. Moreover, both deformation activation energies are lower than that
of reported for the hot deformation in the o+f region (668 kd/mol) [4]. This considerable difference is
the direct consequence of the phase composition of the material before and after the transus
temperature. In fact, in the single p phase region the existence of almost full BCC  phase with more
slip system and higher diffusion coefficient compared to the HCP a phase, can increase the feasibility
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of the deformation and reduce the activation energy. These findings are in line with those reported by
Seshacharyulu et al. [49] and in contrast with Ding et al. [51]. This contradiction in the values of the
deformation activation energy can consolidate the idea that the activation energy depends strongly on
microstructure and chemical composition of materials. On the other hand, what is interesting about the
value of the activation energy of deformation is that in both cases they are very close to that for lattice
self-diffusion activation energy of titanium in the B region (251.2 kJ/mol) [64,65]. It should be noted
that for the deformation mechanism of glide and climb of dislocations, the deformation activation
energy is the lattice self-diffusion one [59,60].

As mentioned earlier, the Zener-Hollomon parameter, which also known as temperature compensated
strain rate, is extensively employed in the hot deformation studies. Therefore, to explore the correct
relationship between Z and o, Eq. 3 was used. For this reason, at first, the natural logarithm of Eq. 3,
which can be expressed as follow is used to calculate the final n values by consideration of all data for
each material.

InZ =InA+nlno (6)

According to this equation, the slope of the plot of In Z-In ¢ can be considered as the final value of n
(Fig. 11(a)). Therefore, according to the plots, the values of n were determined as 4.36 and 4.35 for
EBM and wrought materials, respectively. After that, by using these values, it would be possible to
determine the correlation between Z and o as follows:

21/4.36 — A1/4.36O. < EBM (7)
Z1/435 = p1/4355 < Wrought (8)
80 160
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Figure 11. Plots used for obtaining (a) the final value of n and (b) A for hot deformed EBM sample, (c) A for hot
deformed wrought sample.
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Accordingly, as shown in Fig. 11(b) and Fig. 11(c), the slope of the plot of Z'/43¢ — g and Z1/435 —
o with the intercept of zero gives the value of AY¥4%and AY4% respectively. As a result, the value of
A was determined as ~ 5.33 and 106.209 for EBM and wrought materials, respectively. Therefore, the
following equations can be proposed to express the flow stress at a strain of 0.5 during hot deformation
of these materials:

£ exp (19;;50) =5.330%3¢ © EBM

Z= (8)
g exp (%) = 106.2090*3> & Wrought

the calculated flow stress values of the EBM material at a strain of 0.5 are plotted against the
experimental values of flow stress in Fig. 12. As can be seen in this graph, there is an excellent
agreement between the calculated flow stress and the experimental values.

However, the ability of the model can be better evaluated by calculating the root mean square error
(RMSE) and the percentage of the average relative absolute error (AAE) using the following formulae:

1
RMSE = 21,0~ 02 ©)
1N Loy
AAE = <3, |22 x 100 (10)

where t; is the target output, yi is the model output, and N is the number of data points. The average
RMSE and AAE were determined as 0.54 MPa and 2.46%, for EBM sample and 0.81 MPa and 2.23%
for the wrought samples, respectively. These low error values confirm the suitability of the developed
constitutive equation for modelling and prediction of flow stress.
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Figure 12. Calculated flow stress values at a strain of 0.5 versus the experimental values.
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3.4. Flow stress modelling

Based on the analyses of Section 3.3, for the EBM and wrought samples, the Q values of 193.25 kJ/mol
and 229.34 kJ/mol and n values of 4.36 and 4.35 were achieved, respectively. By using these values,
it would be possible to define the dominant deformation mechanism of both materials during hot
working, which is consistent with the deformation mechanism of glide and climb of dislocations in the
climb-controlled regime. Moreover, it was shown that the value of A in Eq. 3 is different for these
materials, where the obtained values of A were determined for the strain of 0.5. Therefore, the
abovementioned analyses can be used at other strains to find the dependency of A on the strain.
Accordingly, for each strain (0.05 to 0.65), the slope of the plots of Z1/43¢ — g and Z'/*35 — ¢ with
the intercept of zero was used to obtain the value of A¥*35and AY*38 for EBM and wrought materials,
respectively. The results are shown in Fig. 13(a) and Fig. 13(b) for strains of 0.2 and 0.65, apiece.
Finally, the calculated values of A are summarized in Fig. 13(c), where a mathematical function has
been fitted on the data to show the dependence of A on the strain. In this way, it is possible to model
the flow curves. For this purpose, the following equations can be introduced:

(11)

229340

éexp( RT

. £ exp (%) = 3.81147 x exp (0.16762/(¢ + 0.07671)) x g*36 < EBM
) = 8530065 x exp (0.11007/(e + 0.03775)) x 0*3° & Wrought
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Figure 13. Plots used for obtaining A for hot deformed materials at the strain of (a) 0.2 and (b) 0.65. Part (c)
represents the calculated values of A versus strain for both materials.
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Fig. 13 (¢), clearly demonstrate that in all the strains, the A value for the EBM sample is markedly
lower than that of wrought one. According to Sheppard et al. A parameter can be interpreted as a
measurement index of the frequency with which dislocations might prevail over barriers [46]. In
addition to the microstructural observation and flow softening curves, these lower values of A
parameter for the EBM samples also confirm that over the wide range of strains (up to 0.65) EBM
pre-forms can be deformed easier in comparison with the wrought one. This compelling advantage
of EBM material compared to the wrought material leads to a reduction in the tool load and easier
hot deformation.

For the EBM material, Eq. 11 was used to model the flow stress, where the average RMSE was
obtained as 2.42 MPa, which reveals the suitability of the proposed equation for modelling and
prediction of hot deformation flow stress. Fig. 14 presents some calculated hot deformation flow
stresses as compared to the experimental ones. It can be seen that the modelling ability of this technique
with consideration of experimental n and Q values is outstanding.
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Figure 14. Comparison of the experimental (solid lines) and predicted (dotted lines) flow curves.
4. Conclusions

This work shed lights on a novel integration of metal Additive Manufacturing of pre-forms and
thermomechanical processing. The flow softening behaviour and microstructure evolution of AM pre-
forms were investigated and compared to the wrought material as a conventional material. The
outcomes are analyzed using the available materials models, and the following conclusions can be
drawn as follow:

e While, the as-built EBM sample exhibited long columnar  grains along the building direction
as well as lamellar structure with fine a platelets oriented in different directions, the wrought
material showed an equiaxed a-B microstructure with slightly elongated grains.
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All the samples show somewhat similar flow softening behaviour in which the stresses reach
a peak at a critical strain and then remain in rather steady-state stress. However, at each
deformation condition, the flow stress of EBM alloy is lower than that of wrought alloy, which
can be related to the effect of initial microstructure, such as the thickness of a platelets and
grain size, slightly higher defect and lower oxygen contents in the EBM sample.

After the deformation of all the samples, no indication of localized shear band formation was
revealed.

After the hot compression, the porosity content of the EBM pre-forms was reduced
significantly in such a way that no porosity was found in the EBM samples after the
deformation.

After the hot deformation in the single B zone, the trend of the flow softening curves are almost
constant, which indicate that DRV and DRX were in operation. Nonetheless, the degree of
DRX can be varied with the strain rate and temperature.

Even if the deformation features are destroyed because of cooling across the transus
temperature, some signs of DRX such as irregular prior § grain boundaries was detectable.
This observation confirms the occurrence of DRX can also explain the gentle oscillation in the
appearance of the flow softening curve, in particular at higher temperatures and lower strain
rates.

This difference in the degree of the phase transformation as a consequence of various thickness
of a platelets results in a higher  content with the BCC structure during the hot compression
of the EBM samples.

Over the wide range of strains (up to 0.65), the A value is markedly lower for the EBM sample
that confirms the higher deformability of the EBM pre-forms in comparison with the wrought
one.

The activation energy of deformation for the EBM and wrought samples are about ~ 193.25
kJ/mol and 229.34 kJ/mol, respectively. Interestingly, the Q value in EBM material is lower
than the wrought material. However, in both cases, the activation energy of deformations is
very close to that for lattice self-diffusion activation energy of titanium in the B region (251.2
kJ/mol).

The average RMSE and AAE were determined as 0.54 MPa and 2.46%, for EBM sample and
0.81 MPa and 2.23% for the wrought samples, respectively. These low error values confirm
the suitability of the developed constitutive equation for modelling and prediction of flow
stresses.
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