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Despite the unique capabilities of Additive Manufacturing (AM) processes for producing Ti components with
complex geometries, the desired properties are only achievable if a holistic scheme is devised, considering the
synergistic role of post-processing steps. This work aimed to enhance the applicability of metal AM products by
improving the process chain in the manufacturing industry. For this purpose, the current work demonstrates a
comprehensive investigation into the hot deformation of Ti-6Al-4 V (Ti64) pre-forms produced via the Electron
Beam Powder Bed Fusion (EB-PBF) process focusing on the determination of critical conditions for initiating
Dynamic Recrystallization (DRX) in these components. Following a sequential evaluation procedure, hot
deformation experiments were carried out at temperatures ranging from 1000 to 1200 °C and strain rates of
0.001-1 57! to determine the critical stress and strain required for initiating DRX in Ti64 pre-forms and compare
them to their wrought counterparts. In addition, a specific Finite Element Model (FEM) was coupled with DRX
kinetics equations to predict the volume percentage of DRX grains during the hot deformation of the pre-forms.
The analysis of flow stress curves showed a significant peak stress at low strains, which is then followed by a
period of flow softening and eventually transitions into a nearly steady-state flow at higher strains. In addition,
compared to their wrought counterparts, the EB-PBF samples exhibited a significantly superior flow softening
behavior, as evidenced by a more significant volume fraction of DRX and faster recrystallisation rates. It was also
revealed that the normalised strain for DRX initiation in the EB-PBF Ti64 and wrought one was 0.55 and 0.67,
respectively. FEM results closely matched the experimental finding, confirming its reliability in providing
valuable insights into microstructural evolution and offering a time-efficient alternative for process design and
property optimisation, lowering dependence on trial-and-error approaches. Through a combination of experi-
ments, numerical analysis, and finite element simulations, this study sheds light on the macroscopic deformation
and microstructural transformations occurring during hot working processes.

1. Introduction Traditionally, the manufacturing of Ti64 parts has relied on pro-

cesses such as forging, involving the retrieval of titanium billets via the

Ti-6Al-4 V (Ti64), an a + p titanium alloy, has attracted widespread
attention in various sectors, most notably in the aerospace and
biomedical fields, owing to its exceptional properties [1-3]. Its low
density, combined with a high strength-to-weight ratio, superior
corrosion resistance, improved fatigue resistance, and biocompatibility,
position it as a material of choice for various applications [4-6]. The
versatility of Ti64 alloy has led to its adoption in industries that demand
the highest levels of reliability and performance [7].
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Kroll method, followed by alloying and shaping these billets utilising
thermomechanical processes [8-10]. Despite being effective, this con-
ventional route is inefficient and costly [11]. In recent decades, efforts
have been made to improve production efficiency and reduce expenses
by addressing the inherent difficulties associated with titanium alloys,
including their low thermal conductivity and high reactivity with oxy-
gen [12-14]. In this context, AM has emerged as a revolutionary solu-
tion, offering a more efficient and cost-effective way for Ti component
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production while tackling the limitations of traditional methods.

Through a layer-by-layer construction approach, utilising metal
powders and Computer-Aided Design (CAD) files, AM technologies have
revolutionised the manufacturing of complex-shaped components
[15-17]. Among AM processes, Electron Beam Powder Bed Fusion
(EB-PBF) has shown significant promise for Ti64 parts. Its unique
working conditions, including high vacuum and preheating steps,
reduce residual stresses, increase powder recyclability, and improve
purity [18,19].

However, the advancement of AM technologies in fabricating Ti64
components has not been without challenges, including microvoids and
microstructural inhomogeneities [20]. To overcome these issues,
post-processing methods like Hot Isostatic Pressing (HIP) and controlled
forging have become indispensable, aiming for a refined duplex micro-
structure that merges the advantages of lamellar and globular structures
for superior properties [21].

This quest for perfection continues, as the AM field still faces chal-
lenges such as microvoids and microstructural inhomogeneities [21].
HIP and controlled forging have been recognised as essential
post-processing techniques to address these issues. These processes
refine the microstructure and play a pivotal role in improving the me-
chanical characteristics of parts, leveraging both lamellar and globular
microstructures to attain ideal material properties. The merging of AM
with subsequent thermomechanical treatments marks a research fron-
tier aimed at unlocking the full potential of the Ti64 alloy [22].

In the pursuit of understanding and improving the production and
processing of Ti64, DRX emerges as a key mechanism in modulating
microstructure and mechanical properties [23]. It is well documented
that identifying the DRX initiation point is crucial during hot industrial
processing, as it significantly affects the atomic structure of alloys,
mechanical strength, and behavior at elevated temperatures. It is
well-reported that alloy composition, deformation conditions, and
initial grain size influence the initiation of DRX [24-26].

Research has suggested that a stress peak occurring at a consistent
strain rate may signal the initiation of dynamic recrystallization (DRX).
This inflection point, linked to a change in the thermodynamic state of
the system, highlights the critical condition for the onset of DRX [27].
The Poliak-Jonas method, which uses a third-order polynomial fit to the
strain hardening-stress relationship, provides insight into DRX initiation
and the dynamic interaction between stress and microstructural evolu-
tion [28,29].

This research explores the hot deformation and microstructural
transformation of EB-PBF Ti64 alloys, focusing on different tempera-
tures and strain rates to determine the critical conditions for DRX
initiation. This study also integrates DRX kinetics into a finite element
model tailored for EB-PBF Ti64 specimens. The goal is to predict the
proportion of DRX during hot compression tests, thereby improving the
understanding of the hot workability of EB-PBF samples compared to
conventional production methods for the Ti64 alloy. Additionally, this
work proposes a novel simplified flow stress model for EB-PBF materials,
addressing a fundamental gap in the current understanding of the
deformation of additively manufactured alloys.

2. Materials and methods
2.1. Characterisation

The Ti64 powder morphology was analysed using SEM, while its
cross-section was assessed using an Optical Microscope (OM). Subse-
quently, to prepare the as-deformed samples for microstructural anal-
ysis, they were cut from the central part (along the build direction) and
ground down using 2400 grit SiC abrasive paper. All the as-ground
samples were polished with 1 um diamond paste and silica suspension.
The polished samples were then etched using the Kroll etchant solution
composed of 92 ml Hy0, 6 ml HNOg3, and 2 ml HF [30].
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2.2. Sample preparation

The cylindrical specimens employed in this research were produced
utilising Ti64 powder of extra-low interstitials (ELI) grade. The raw
material used was spherical powder, produced via plasma atomisation
with a particle size distribution of 45-106 um. Scanning Electron Mi-
croscopy (SEM) analysis of the virgin powder showed that all the par-
ticles are spherical with smooth external surfaces that include a few
satellites (Fig. 1(a-b)). Fig. 1(c) confirms that no internal porosity is
presented in the feedstock material.

Table 1 compares the chemical composition of the starting powder
and the wrought material, which served as the reference alloy for this
analysis. The table indicates that the initial powder is characterised by
low concentrations of carbon, nitrogen, oxygen, and iron.

Cylindrical Ti64 parts for hot compression tests were produced using
an Arcam A2X EBM machine. The production process adhered to the
standard Arcam A2X built theme for Ti64, employing a 60 kV acceler-
ating voltage, 50 pm layer thickness, and software version 5.2.52.
During the EB-PBF process, 25 mA and 200 ym were used as focus and
line offsets, respectively. Vertical cylinders with dimensions of
®=10 mm and h=15 mm were manufactured directly on a stainless
steel start plate with a thickness of 10 mm. The preheating temperature
for the start plate was 700 °C, whereas, throughout the EB-PBF process,
the powder bed temperature was higher than 580 °C.

Hot deformation experiments were conducted using a Zwick Roell
7250 universal machine equipped with a load frame capable of sup-
porting 250 kN of force. To maintain the set temperatures, an automated
resistance furnace was employed, offering a temperature precision of +5
°C. Load and displacement data were recorded during the tests using a
data collecting system, which also recorded the load and displacement
data. The hot compression experiments were conducted in the single-
phase p region, with temperatures between 1000 and 1200 °C and
temperature increments of 50 °C. The as-built and wrought specimens
were kept at the deformation temperature for 10 minutes before the
compression test. Various strain rates between 0.001 and 1 s~ were
applied, resulting in a total strain of 0.70 % (Fig. 2). A thin layer of mica
was placed between specimens and anvils to minimise sticking issues,
ensure consistent compression forces, and reduce friction. Following
each hot compression test, the deformed sample was promptly quenched
in water to retain its as-deformed microstructure.

3. Results and discussion
3.1. Starting microstrucutres

A comparative analysis of the microstructures of the Ti64 alloy
manufactured using EB-PBF and its conventionally wrought counterpart
is illustrated in Fig. 3(a-b). The microstructure of the EB-PBF Ti64 alloy,
shown in Fig. 3(a), is characterised by the presence of vertically ori-
ented, long columnar p grains, known as the Build Direction (BD), in
addition to a lamellar structure of a phases. Moreover, it is observed that
while the EB-PBF Ti64 sample includes several colonies exhibiting
parallel platelets of the o phase, the majority of the o laths remain iso-
lated. This characteristic may result from the rapid cooling rate expe-
rienced during phase transformation. A consistently thin o grain
boundary layer is observed along the former beta grains.

In contrast, the wrought Ti64 alloy exhibits a duplex o+f micro-
structure, as depicted in Fig. 3(b). The mean size of the grains in this
alloy is 52 + 5 pm. The bright areas denote the p phase, while the dark
matrix corresponds to the a phase.

Fig. 3 confirms that the microstructure of the as-built EB-PBF and as-
received Ti64 samples are different, which can directly affect their
mechanical response at high temperatures, resulting in different flow
softening behaviour in both samples [31,32]. Hence, this study in-
vestigates the flow softening behavior of the as-built EB-PBF samples,
with a particular emphasis on the kinetics of DRX and the identification



M. Taghian et al.

Fig. 1. (a,b) SEM images, and (c) cross-section view via OM of the powder used in this work.
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Table 1
Initial powder and benchmark alloy chemical compositions utilised in this study.
Ti Al \Y Fe ¢ N o H
Arcam ELI (wt%) Bal. 6.38 3.86 0.18 0.02 0.01 0.08 0.002
Wrought (wt%) Bal. 6.22 4.13 0.21 0.01 0.01 0.11 0.001
Standard ELI (wt%) Bal. 5.50-6.50 3.50-4.50 <0.25 <0.08 0.05 <0.13 <0.012
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Fig. 3. SEM images of (a) the as-built EB-PBF and (b) the as-received wrought Ti64 samples used in this study.

of critical conditions required to initiate DRX

3.2. Curve corrections

During hot compression testing, the frictional effects between the
anvils and the sample surface have been well documented [31,33].
Therefore, this frictional force, which can significantly impact the stress
curves, should be considered during data analysis to minimise its
detrimental effects. Hence, the upper-bound theory, which provides a
foundational analytical assessment of the cylinder compression test, was
applied in the current study to ascertain the constant friction factor (m)
[34,35]. Fig. 4 shows the friction-corrected and main stress-strain curves
of an EB-PBF sample at a strain rate of 0.1 s and temperature of
1200°C, comparatively. As evident in Fig. 4, which is a representative
curve, the friction during the hot compression leads to higher flow
stresses, particularly at higher strains. In this study, sample surface-anvil
friction was addressed for accurate flow softening curve analysis. Sub-
sequently, all stress-strain curves were corrected accordingly.

According to the literature, stress peaks in stress-strain curves indi-
cate the occurrence of DRX in the material [33]. While this phenomenon
is commonly observed in several materials, it is acknowledged that
well-defined peaks may not always be present in some materials.
Therefore, further evaluations are needed to determine the initiation of
DRX. For instance, Poliak and Jonas [28,29,36] demonstrated that in-
flections in the work hardening rate (0) as a stress function could
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Fig. 4. Comparison of stress-strain curves for an EB-PBF sample at 1200°C and
a strain rate of 0.1 s™, including friction-corrected and original data.

effectively indicate the initiation of DRX. Building upon their seminal
work, Najafizadeh and Jonas [27] refined the approach by simplifying
the determination of work hardening by deriving true stress with respect
to true strain.

However, calculating such derivatives can be very challenging,
mainly owing to the inherent short-range fluctuations in the flow curves.
Therefore, to mitigate the impact of these fluctuations, a high-order
polynomial fitting technique should be employed to eliminate noise
and variations, thereby enhancing the consistency of the stress-strain
curves [37]. For this reason, all stress-strain curves in this study first
underwent friction correction to account for the significance of friction
during the experimental procedure. Subsequently, a sophisticated
sixth-order polynomial function was applied to precisely fit and smooth
the friction-corrected curves.

Fig. 5(a-b) illustrates the true stress-strain graphs derived from the
EB-PBF and wrought samples in their as-built state. These curves provide
valuable insights into the influence of hot deformation under varying
temperatures and strain rates. Notably, the data shows a decrease in flow
stress with increasing deformation temperature, indicating that higher
temperatures improve material flow during deformation, leading to
increased mobility that can aid processes like DRV and DRX. The DRV
and DRX occur due to increased flow softening, resulting in decreased
work hardening, the ultimate tensile strength (UTS), toughness, and
critical stress and strain of the DRX. Reducing the strain rate typically
lowers the UTS and work hardening because it allows for increased
movement of dislocations and dynamic recovery. However, it should
improve the material toughness, but it decreases due to a decrease in the
UTS point. In addition, the critical strain and stress for DRX decreases.
These effects are vital for optimizing material properties in processes
such as hot working.

Furthermore, comparing Fig. 5(a) and (b) provides further insights
into the difference in flow stress between the EB-PBF and wrought
samples. As the deformation temperature increases and the strain rate
decreases, the difference in flow stress decreases. This phenomenon can
be attributed to the higher diffusion rates observed at elevated tem-
peratures, facilitating improved material homogeneity and reducing
residual stresses caused by different processes used to create initial
samples. These findings underscore the potential for optimising defor-
mation conditions to align the mechanical properties of EB-PBF-
produced samples with those of wrought counterparts.

Moreover, it is evident in Fig. 5(a, b) that the EB-PBF alloy exhibits a
lower flow stress compared to the wrought alloy across all deformation
conditions. This difference may be attributed to the distinct coefficient
factors of the two sample types, which result from the rapid solidifica-
tion and subsequent cooling during the AM process, resulting in meta-

stable microstructures [38]. The difference in flow stress can also be
attributed to other factors, including the initial microstructure of the
samples, the presence of defects, and oxygen content. Although the
EB-PBF samples exhibited a lower oxygen concentration than the
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Fig. 5. Stress-strain plots for (a) as-built EB-PBF and (b) wrought Ti64 samples.

wrought material, they showed higher porosity (Table 1). Importantly,
no macro porosity was detected in any of the plastically deformed
samples at high temperatures. Consequently, compared to the wrought
samples, the EB-PBF ones may exhibit a more effortless flow-softening
behavior, which can prove advantageous for producing pre-forms
using this method. The lower initial oxygen content in the EB-PBF
sample (Table 1) significantly impacts its flow-softening behavior dur-
ing the hot compression process. Higher oxygen levels increase strength
and hardness but reduce ductility, making the material more brittle.
Oxygen can inhibit dynamic recrystallisation (DRX) by pinning grain
boundaries, leading to less effective flow softening. It also stabilises the
alpha phase, which is harder and less deformable [1].

The localised melting and rapid cooling resulting from the rapid
solidification process in the EB-PBF lead to a higher density of disloca-
tions compared to wrought samples. A higher volume fraction of the f
phase in the initial microstructure of EB-PBF samples (Fig. 3) enhances
flow softening. This is achieved by facilitating dynamic recovery and
recrystallization, promoting phase transformations during deformation,
and reducing overall flow stress due to the lower flow stress of the p
phase compared to the a phase.

The stress-strain curves are accurate sources for evaluating the
occurrence of DRV and DRX mechanisms [2,3]. Specifically, peak stress
is an important indicator of the DRX mechanism. This is characterized
by a rapid increase in flow stress to a peak value at the beginning of
compression due to significant work hardening (WH) and minimal DRV
and DRX. Subsequently, the flow stress gradually decreases to a steady
value, indicating a balance between WH and DRX, which is maintained
until the end of compression. Conversely, for the DRV mechanism, the
flow stress rapidly increases to a saturation value at the beginning of
compression, again due to significant WH and minimal DRV.

It is evident from Fig. 5 that, throughout the entire temperature
range, all curves attain a steady state when the strain rate falls below
0.1 s~ This behavior suggests that the softening and work hardening
rates are equally competitive across the entire temperature range. The
observed flow softening behavior implies that at high strain rates, DRX,
DRV, or superplasticity could potentially occur [39].

Quan et al. reported that, in the § phase, DRV could be considered
dominant due to the BCC crystallographic structure with a high Stacking
Fault Energy (SFE) [25]. Additionally, as shown in Fig. 5, DRX fluctu-
ations and stress-strain curves, specifically those observed at elevated
temperatures and reduced strain rates, may also be regarded as softening
mechanisms. Dislocations created during the deformation of materials
with a high SFE, such as Ti64, are initially impeded, followed by
climbing and annihilation, resulting in the formation of subgrains within
the grain interiors. Moreover, Seshacharyulu et al. documented that

DRX is the prevailing softening mechanism in the § phase regime of the
Ti64 alloy [40]. Consequently, additional research, particularly micro-
structure investigation, is necessary to determine the precise mecha-
nisms that trigger hot deformation. Additionally, Ding et al. reported
that dynamic recrystallisation occurs within the temperature range of
1000-1050 °C and at a strain rate of 0.1 s* for Ti64 alloy. Fig. 6 shows
the observation of new f grains, which is considered evidence of dy-
namic recrystallisation, as reported by Ding et al. [41].

Fig. 6 presents the microscopic images of EB-PBF Ti64 samples
resulting from hot deformation in the p region. The as-built EB-PBF Ti64
specimens displayed columnar grains aligned with the build direction
(Fig. 6(a)). However, the hot deformed sample demonstrates evidence of
recrystallisation, as indicated in the inset in Fig. 6(b). In the severe
plastic deformation zone shown in Fig. 6(b), it is evident that some
features of deformation are destroyed due to cooling across the transus
temperature, but certain signs of dynamic recrystallisation (DRX) are
still detectable. Specifically, irregular boundaries of prior p grains
clearly indicate the occurrence of DRX. Additionally, the decrease in
grain boundary size in the p region after hot compression, compared to
its state before compression (primary columnar § region), further con-
firms the presence of DRX, as illustrated in Fig. 6.

3.3. Constitutive modelling for DRX dynamic analysis

The DRX model comprises two components: (i) the constitutive
model for determining the DRX critical strain and (ii) the model for
assessing the volume fraction of DRX. The DRX initiation was initially
determined for both the wrought and EB-PBF samples. However, accu-
rately determining the position of the inflection point is challenging
because experimental errors are amplified during the fitting of the work
hardening rate (0) versus flow stress (c) curve. This challenge arises
from conducting experimental tests between 1000 and 1200 °C in the
region. In this region, as depicted in Fig. 5, the dynamic recrystallisation
(DRX) is limited, which complicates the identification of peak stress [3].
To address this challenge, Poliak and Jonas [28,36] proposed a method
using the partial derivative method to determine the location of the
inflection point in the 6-¢ curve. By effectively reducing the flow stress
error introduced during the fitting process, this method facilitates the
calculation of a critical strain with a higher level of accuracy. The pro-
cess of derivation is described below:

90 _00 de 1 90 _d(Ing)
do e do 00 0

€8]

In this equation, the work hardening rate is denoted as 6, and the
flow stress is defined as ¢ in MPa. Based on the findings of Poliak and
Jonas, the initiation of DRX can be determined by identifying the
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Fig. 6. EB-PBF Ti64 samples (a) before hot compression and (b) after hot compression at 1000 °C/0.1 s L.

inflection point in the In(#)-¢ curve. Thus, it is possible to calculate the
corresponding critical strain value (¢;) by utilising the critical value of
the d(In(0)-¢)/de curve for various deformation strain rates and
temperatures.

In this study, the In(0)-¢ plots were subjected to curve fitting using
third-order polynomials up to their maximum values. Fig. 7 compares
the original In(6)-¢ curve and its corresponding polynomial fit. It is
evident from Fig. 7 that the third-order polynomial almost accurately
fits the curve. Consequently, this fitting strategy was employed to
determine the critical strain under various deformation conditions.

The critical strain for DRX initiation was calculated using the
approach proposed by Najafizadeh and Jonas [27], which involved
fitting all the curves with third-order polynomials. At the inflection
point of the fitted curve, which represents the critical strain for DRX
initiation, the second derivative becomes zero, as demonstrated in the
following equations [27]:

In6 = Ae® +Be? + Ce+D (2)

A, B, C, and D denote specific deformation circumstances. The second
derivative of Eq.2 with respect to € can be mathematically represented
as:

d*In(0)
d?e

The critical strain for the onset of DRX coincides with the inflection

= 6Ae+ 2B 3

3.5 Wrought-1000 °¢ - 0,15

[
=
1

In (0) (MPa)

original inf-e curve
i

]
1
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1
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=
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Fig. 7. An illustration of the In(0)-e curve before and after being adjusted by a
third-order fitting.

point, where the second derivative reaches zero. Thus:

-B
6Ae. + 2B = 0=>¢, = 34 (€))

Following the same procedure, the critical conditions for initiation of
DRX in all the experiments were determined, and the outcomes are
presented for wrought and EB-PBF samples in Fig. 8.

The remarkable consistency in correlation factors validates the
suitability of the inflection analysis for determining the critical condi-
tion necessary for the initiation of DRX. Therefore, the relationship be-
tween ¢ and ¢, can be derived using the following equation:

& =ag, (5)

As depicted in Fig. 8(a, b), the normalised critical strain values were
0.67 for the wrought sample and 0.55 for the EB-PBF sample. It is well-
established that a lower normalised critical strain indicates an earlier
onset of recrystallisation which was expected based on flow softening
and DRX in EB-PBF and wrought samples. Therefore, it can be concluded
that DRX occurs more rapidly in the EB-PBF sample than the wrought
one, potentially due to the higher diffusion rate and probably the higher
SFE in the EB-PBF structure. Consequently, the relative difference be-
tween & and ¢, is smaller for the EB-PBF sample than for the wrought
sample. The experimental ¢, can be expressed as a function of the Zener-
Hollomon parameter. The correlations between ¢, and the Zener-
Hollomon parameters for both wrought and EB-PBF samples are dis-
played in Fig. 9.

Also, g, can be written as a power function of the Zener-Hollomon
parameter, as shown by the following equation:

& = BZ¢ 6)
where B and C are material constants. Fig. 9 demonstrates the correla-

tion involving the Z parameter and the peak strain, and the following
equations for the wrought and EB-PBF samples can describe it:

ellf/rought _ 0.02920.13648 (7)
SIL;TB—PBF —=0.127. .05784 8)

Drawing upon the equations provided and considering the activation
energy denoted by the slope of the In(e,)-In(Z) plot, it can be inferred
that the wrought material exhibits tremendous activation energy for the
initiation of DRX than the EB-PBF samples.

A comparison of the equations reveals that as the strain rate increases
and temperature decreases, the gap between the peak strain values of
the wrought and EB-PBF samples widens due to the decrease in diffusion
rate. This phenomenon can also be attributed to the higher SFE observed
in EB-PBF samples compared to wrought ones, accelerating the
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initiation of work softening mechanisms.

3.4. DRX kinetic model from hot compression tests

The DRX volume fraction can be effectively modelled using the
Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation, which is widely
used in studying recrystallisation kinetics. The DRX kinetic equation,
based on the JMAK equation, is expressed as follows [25,42]:

kq
£— &
Xm—l—exp{—ﬂd( fos ) }

where Xy, is the DRX volume fraction; &g 5 is the strain when the DRX
volume fraction is 50 %, and f,, kq are material constants. Calculating
the DRX volume percentage accurately under different deformation
conditions and microstructures necessitates extensive and quantitative
metallography measurements, which can be challenging. However, the
true stress-strain curves associated with DRX provide valuable insights
into the flow stress behavior of the metal during hot deformation, as
influenced strongly by the microstructural changes. In addition to these
measurements, Eq. 10 presents an alternative approach for determining
the DRX volume fraction, offering another method to quantify the extent
of the DRX volume fraction. which is not determined by the deformation
condition (¢) in Eq. 9 and can only be calculated from the stress-strain
curve obtained at a constant temperature and strain rate [43].
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The saturated stress is denoted as oy, the steady-state test stress is
o, and the actual stress of thermal deformation is defined as o. Fig. 10
shows how to determine the steady-state, critical, peak, and saturation
stress at 1050 °C with a strain rate of 0.1 s™*.

It is worth noting that the point at which the work-hardening rate
reaches zero corresponds closely to the peak stress in the flow stress
curve. The steady-state stress can also be determined by identifying the
second interception of the strain-hardening curve with the c-axis. For
this purpose, drawing a tangent line on the strain-hardening curve is
necessary. The point where this tangent line intercepts and the c-axis
line represents the saturated stress.

By calculating o654 and oy for each hot compression test, it is possible
to determine the volume fraction of DRX at different strain rates and
deformation temperatures using Eq. 10. The obtained DRX volume
fraction can be fitted using software tools, as illustrated in Fig. 11. The
strain at which 50 % DRX occurs under various deformation conditions
is illustrated in Fig. 11(a), as determined by analysing this curve.
Furthermore, Fig. 11(b-c) depicts the evolution of X4 concerning
strain, showcasing a sigmoidal trend. The values of ¢ 5 under different
deformation conditions are summarised in Fig. 11(b). It is obvious that
€0.5 rises with the strain rate between 0.01 and 0.1 s™! and that ¢g5
declined with the temperature increase within 1050-1200 °C.

The value of ¢y 5 should be determined for different deformation
scenarios using Eq. 9. In order to accomplish this, X4 needs to be
plotted against strain [20]. However, the strain for 50 % of DRX (¢g,5)
depends on the strain rate and deformation temperature [20], which

Xire = pe pe (10) may be found using the same fitting method as the peak stress, as shown
sat 5 before, and is calculated as follows:
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€05 = DZE (1 1)
where D and E are material constants, and Z is the Zener-Hollomon
parameter. The linear relationships between In(gp5) and In(Z) under
different hot compression tests were fitted, as shown in Fig. 12 for both
EB-PBF and wrought samples, where the slope and intercept provide In
(E) and In(D) through the linear fitting, respectively. The result of this
calculation is presented as the following equations:

ghrousht — 9.0297°12%2 12)
eEB-PBF — 0.119182°06%75 13

To describe the evolution of X4 based on strain, strain rate, and
temperature using the JMAK equation, a natural logarithm is applied to
both sides of Eq. 9:

£— &

(14)

In[—In(1 — X4 )] = Inf; + Kaln
€05
Consequently, to determine g and Ky, In[ —In(1 —X4, )| is plotted
versus In ZZ (Fig. 13) using €95 and &, equations for both EB-PBF and
wrought samples, using which Kg and In($y) can be obtained by per-
forming a linear fit.
Having calculated f; and K4, JMAK equation for DRX Kinetics were

found for wrought and EB-PBF samples as follows:

Wrought € — & 181678
Xp o' =1—exp| —4.75 (15)
€05
I e—e, 1.77103
Xie  =1—exp|—-3.4(—— (16)
€05

It can be observed in Egs. 15 and 16 that 1 < Ky < 2 for both samples,
which resembles one-dimensional growth according to JMAK analysis
[44]. In contrast, the experimental evidence shows that the recrystalli-
sation growth is not one-dimensional (Fig. 6b). Others have also verified
this inconsistency [45], which is linked to recovery/recrystallisation
interaction [46].

3.5. FEM Simulation of DRX

This study employs the 2D axisymmetric module in Abaqus/CAE
2022 software to visually evaluate the macroscopic deformation during
the hot compression test. To accurately represent the material behav-
iour, flow stress data obtained from the hot compression tests were
utilised to define the Ti6Al4V properties in Abaqus software, consid-
ering it as an isotropic hardening material for both EB-PBF and wrought
samples. The material flow stress data is incorporated as discrete points
within the plastic region of the material module. The software then
automatically performs interpolation to generate a flow stress curve

4
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Fig. 13. The relationship between In[—In (1 —X4)] and In‘* at different deformation temperatures and strain rates for (a) wrought and (b) EB-PBF samples.
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model that covers the behaviour of the material under different loading
conditions. This allows the simulation to represent the mechanical
response of the Ti6Al4V alloy accurately during hot compression.

In addition to the flow stress modelling, the recrystallisation volume
fraction evolutions were investigated using the JMAK equations in the
Abaqus software. These equations, implemented using the Fortran lan-
guage and the USDFLD subroutine, allowed for the analysis of micro-
structural changes during thermo-mechanical transitions. Simulations
were conducted at different temperatures, specifically 1000 °C, 1050 °C,
and 1100 °C for both the EB-PBF model and the wrought samples. It is
important to note that it was assumed that all points within the material
would experience the same temperature during the simulation. This
assumption aligns with the approach used in the hot compression tests,
enabling consistent comparisons between the experimental and simu-
lated results.

In all the simulations, the movement rate of the upper mold was set
to 0.6 mm.s ! in the initial state, and the simulation time was adjusted
based on changes in the strain rate. The coefficient of friction between
the mold and sample was determined using the Coulomb model, and a
value of 0.1 was chosen through calculations. The elastic modulus and
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Poisson’s ratio were assumed to be 200 GPa and 0.3, respectively, for
both the EB-PBF and wrought modes. The standard solver and thermo-
mechanical solution were employed in the simulation. A mesh size of
0.01 and the CAX4RT element type were used to ensure accurate results
and minimise noise in the elements.

In this simulation, a quarter of the workpiece was modelled as
symmetric and deformable, while the dominant part, the die, was rep-
resented as a discrete rigid body within the Abaqus environment. The
dimensions of both parts were defined to resemble the experimental
situation during the hot compression test.

3.5.1. Effect of deformation conditions on DRX

Figs. 14 and 15 show the simulated visualisations of the volume
fraction of DRX. The figures depict different values of DRX volume
fraction on the workpiece through colour distribution, where red de-
notes a complete DRX volume fraction. It is worth noting that the core
metal remains unaffected by the inner wall friction, as it does not come
into direct contact with the mold. The simulation results (Table 2) reveal
significant recrystallisation in the central region, with a substantial
recrystallised volume fraction. The average recrystallisation ratio for

% DRX volume fraction
(Avg: 75%)
- +1.000e+00
+9.167¢-01
+8.333e-01
- +7.500¢-01
+6.667e-01
- +5.833¢-01
- +5.000e-01
+4.167e-01
- +3.333e-01
- +2.500e-01
- +1.667e-01
+8.333e-02
+0.000e+00

1000 °C-0.1 s71
Wrought

(d)

01

R

1050 °C-0.1 s~! DRX volume fraction
(Avg: 75%)

Wrought  +1.000e+00
+9.167¢-01
+8.333¢-01
_ 47.500e-01
+6.607e-01
+5.833e-01
- +5.000e-01
+4.167e-01
- +3.333e-01
- +2.500e-01
+1.667¢-01
+8.333e-02
+0.000+00

iox

(e)

I——

—

DRX volume fraction
(Avg: 75%)

+1.000e+00
+9.167e-01
+8.333e-01
- +7.500e-01
+6.667e-01
+5.833e-01
+5.000e-01
- +4.167e-01
- +3.333e-01
+2.500e-01
+1.667¢-01
- +8.333e-02
- +0.000e+00

.

1100 °C-0.1 s7*
Wrought

1o

0

Fig. 14. DRX percentage distribution under a strain rate of 0.1s~! and different temperatures: (a) T=1000°C; (b) T=1050°C; (c) T=1100°C for EB-PBF samples and;

(d) T=1000°C; (e) T=1050°C;; (f) T=1100°C for wrought samples.
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Table 2
Comparison of DRX volume fraction for the EB-PBF and wrought samples.

T (°C)

Strain rate (s-!) Xarx for EB-PBF (%) Xarx for wrought (%)

1000 0.01 96.30 95.46
1000 0.1 88.24 83.89
1000 1 73.17 41.41
1050 0.1 91.37 89.45
1100 0.1 93.77 92.45

EB-PBF samples is 88 % when subjected to a strain rate of 0.1 s™! and a
temperature of 1000 °C. In the same way, the recrystallisation ratio is
73 % at T=1000 °C and a strain rate of 1 s”'. Moreover, the recrystal-
lisation ratio reaches 91 % at T=1050 °C and a strain rate of 0.1 s™".
It can be concluded from the finite element (FE) simulation that as
the strain rate decreases at a constant temperature, the volume fraction
of recrystallised grains increases. Furthermore, with a constant strain
rate, the proportion of recrystallised volume rises as the temperature
increases. This trend is observed for both wrought and EB-PBF samples,
which aligns with the experimental and research findings in previous

11

for EB-PBF samples, and (d) ¢

research works [44,47]. Table 2 provides the simulated values of DRX
volume fraction under different conditions for both wrought and EB-PBF
samples, allowing for a comprehensive understanding of the DRX
behavior in various scenarios.

Fig. 16 comparatively depicts the experimental and simulation re-
sults, where it can be observed that both approaches are in close
agreement. In addition, the experimental and numerical analysis results
demonstrate that the volume fraction of DRX in the EB-PBF samples is
consistently higher than in wrought parts. This observation holds across
various deformation conditions, as previously discussed. Furthermore, it
is evident in simulation results that the difference in DRX volume frac-
tion between EB-PBF and wrought samples becomes more pronounced
as the temperature decreases and the strain rate decreases, as evidenced
by the experimental results. In order to validate the JMAK equations
identified in this study, the R-squared errors have been reported for EB-
PBF as 0.998, 0.987, 0.962, and 0.999 at each step. Conversely, for
wrought, the R-squared errors are reported as 0.997, 0.971, 0.974, and
0.997, respectively, in the numerical analysis. This information is pre-
sented in Figs. 8, 9, 12, and 13.

Numerical descriptions of the recrystallisation evolution histories for
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Fig. 17. The development and variation of the volume fraction of DRX related
to the specimen subjected to different true strains at 1200 °C and 0.1s!
strain rate.

Ti64 alloy during hot forming processes can be obtained by employing
finite element simulation (Fig. 17). Therefore, as a criterion in the design
of the forming process for Ti64 alloy, ideal microstructures can be
considered for DRX refinement to obtain improved mechanical proper-
ties. Consequently, the laborious process of trial and error can be
avoided.

An examination of the microstructures of Ti64 specimens processed
by EB-PBF after undergoing hot deformation in the single p region was
conducted to validate the simulation outcomes further. Fig. 18 presents
the typical microscopic images of a sample after the hot compression test
in the single p region.

The investigation revealed the absence of localised shear bands
across all evaluated samples post-hot compression. This observation
aligns with the simulation predictions, which anticipated uniform DRX
distribution. As documented in Fig. 18 (a), a notable barreling effect, a
characteristic phenomenon associated with open-die forging, was
evident, underscoring the mechanical response of the material under
applied stress.

The analysed samples exhibited three different zones: a central zone

12

Journal of Alloys and Compounds 1005 (2024) 176165

undergoing severe plastic deformation (Zone 1), lateral zones experi-
encing partial plastic deformation (Zone 2), and a “dead” zone (Zone 3)
located at the specimen end in contact with anvils. The dead zones (Zone
3) displayed no signs of microstructural transformations, suggesting an
absence of restorative mechanisms during hot compression. This inac-
tivity is attributed mainly to the localised heat dissipation and frictional
interactions with the anvils.

Conversely, the central region of severe plastic deformation (Zone 1),
detailed in Fig. 18(b) and (c), showcased noticeable disruptions in
deformation features, likely due to cooling below the transit tempera-
ture. Within this zone, evidence of DRX, manifested through distorted
prior p grain boundaries, was observed. Moreover, grains within this
region appeared significantly elongated perpendicular to the direction
of force application due to work-hardening and DRV processes during
high-temperature deformation.

This microstructural investigation underscores the critical influence
of initial structure, deformation conditions, and cooling rates post-
deformation on microstructural evolution. Notably, the focus was
directed towards the central zone of severe plastic deformation for its
pivotal role in elucidating the mechanisms of hot deformation.

By tailoring the processing parameters and conditions, such as
temperature, strain rate, and deformation history, it is possible to con-
trol and manipulate the occurrence and extent of DRX, ultimately
leading to the desired microstructural characteristics. Instead of relying
solely on experimental iterations, finite element simulation allows for a
more efficient and targeted approach to achieve the desired mechanical
properties by strategically inducing specific microstructural features
through DRX refinement.

4. Conclusions

This work combines experimental, computational, and simulation
approaches to comprehensively investigate the flow softening behaviour
of EB-PBF and wrought Ti64 samples to highlight the integration of AM
of Pre-forms and thermomechanical processing of metallic materials.
The microstructural evolution and dynamic recrystallisation kinetics of
Ti64 produced via EB-PBF at high temperatures have been studied and
compared with its wrought counterpart. According to the findings, the
following conclusion can be drawn:

Friction-corrected stress-strain curves were analysed to understand
flow softening behaviour, which is crucial for determining DRX
initiation. It was observed that DRX occurred more rapidly in EB-PBF
samples due to factors such as higher diffusion rates and the meta-
stable microstructure resulting from rapid solidification.

The results highlighted the influence of the manufacturing method
on the DRX behavior, with EB-PBF samples exhibiting a faster flow
softening behavior accompanied by higher DRX volume fractions.

o While the different flow softening behavior was alleviated at higher
temperatures and lower strain rates of compression, the EB-PBF
samples generally required lower critical stress and strain values to
initiate DRX.

Finite element simulation validated experimental findings, showing
close agreement between experimental and simulated results in
terms of DRX volume fractions. Simulation results indicated a
consistently higher DRX volume fraction in EB-PBF samples
compared to wrought samples under different deformation
conditions.

FEM results closely matched the experimental finding and hence are
expected to provide valuable insights into microstructural evolution
and offer a time-efficient alternative for process design and property
optimisation, reducing the need for trial-and-error methods.

e The enhanced softening behavior can be linked to faster diffusion
rates and higher SFE in the EB-PBF samples, thanks to the nonequi-
librium circumstances of solidification and cooling during the EB-
PBF process.
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Fig. 18. (a) Macro image of EB-PBF Ti64 samples deformed at 1100°C/0.01 s, (b) OM micrograph from Zone 1, and (d) SEM micrograph from Zone 1.

Overall, this study provides valuable insights into the dynamic
recrystallisation behaviour of Ti64 alloy processed via EB-PBF, offering
a systematic approach for optimising processing parameters to tailor
microstructural characteristics and mechanical properties. Such under-
standing is crucial for advancing the integration of AM and conventional
processing in producing high-performance metallic components. As a
matter of fact, the findings of this paper enhance the understanding of
Ti64 alloy thermomechanical behavior and add further flexibility to the
supply chain of AM Ti64 products.
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