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Laser powder bed fused (L-PBF) Ti-6Al-2Sn-4Zr-2Mo-0.08Si (L-PBF-Ti-6242) and two grades of L-PBF-Ti-
6Al-4V (L-PBF-Ti-64) alloys are studied using differential scanning calorimetry (DSC), to determine the kinetics
of o to p phase transformation to design and develop post-process heat treatments. Both non-isothermal and
isothermal kinetics models are developed using the DSC results and employing the Johnson-Mehl-Avrami-
Kolmogorov (JMAK) equation. The mechanism of non-isothermal phase transformation is discussed based on
the local Avrami parameters. The transformation process is divided into three stages showing a high rate of
transformation in the initial stage (dominated by nucleation) followed by a steady-state rate (dominated by
growth) and again a rapid increase in the transformation rate in the final stage. The effect of the p stabilizing
elements on o to p phase transformation kinetics is discussed for all three alloys in both non-isothermal and
isothermal transformations. L-PBF-Ti-6242 needs higher activation energy to initiate the transformation and the
process occurs at a comparatively higher temperature range since this is a near-a Ti alloy. The oxygen homo-
geneity in the L-PBF-Ti-64 shows a clear effect on the transformation kinetics. The initial microstructure also
affects the kinetics of a to p phase transformation, as the as-built L-PBF microstructure results in the highest
transformation kinetics. Any heat treatment that alters the as-built microstructure results in slower trans-
formation kinetics. The results of the isothermal kinetics models are employed to design a two-step heat treat-
ment for L-PBF-Ti-6242 to enhance the ductility with minimal strength loss. The properties are then correlated to
the microstructure. This study provides great insight into the importance of considering the effect of the material
system, alloying elements, and initial microstructure on the kinetics of phase transformation in L-PBF titanium
alloys and the role of phase transformation kinetics in designing heat treatments to achieve the desired micro-
structure and properties.

1. Introduction developments have been achieved for higher temperature applications;

for instance, Ti-6Al-2Sn-4Zr-2Mo-0.08Si (Ti-6242), a near alpha ()

Titanium and its alloys possess excellent ambient and high-
temperature corrosion resistance and strength, which makes them an
attractive material for advanced applications. Pure titanium with mod-
erate strength can meet the corrosion resistance requirements for some
applications such as heat exchangers, chemical processing reactors, and
petrochemical vessels. On the other hand, titanium alloys have been
developed based on the microstructure-property relationship, consid-
ering the application. For instance, Ti-6A1-4V (Ti-64), an a+f titanium
alloy, has been developed to achieve higher strength at room and
elevated temperatures for applications like medical implants, and
automotive components with moderate service temperatures. Further
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alloy, has high-temperature applications like aero-engine components,
supersonic military aircraft, and gas turbines [1,2]. Ti-64 is the most
common titanium alloy in the aerospace industry. It has aluminum and
vanadium elements as a and p stabilizers, respectively. The presence of
both o and B phases at room temperature gives excellent yield strength
and ductility to Ti-64 [3]. The 4-6% of beta stabilizer makes it a
heat-treatable alloy. The f§ phase transformed to martensite («’) during
solidification when vanadium concentration is less than 4.27 at% in the
B phase [4]. Nevertheless, high-temperature applications are limited to
temperatures up to 400°C [5]. On the other hand, Ti-6242 is used for
long-term high-temperature applications up to 540°C with better creep
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and fatigue properties [6-8]. Ti-6242 has aluminum as o and molyb-
denum as f-stabilizer elements. Aluminum works as a
solution-strengthening element whereas tin and zirconium play the
same role with minimal influence in stabilizing a particular phase.
Adding a limited percentage of silicon, up to 0.25 wt%, improves
high-temperature creep resistance [9,10].

The allotopic o to § phase transformation in titanium plays an
important role in the physical and mechanical properties of this mate-
rial. This solid-state phase transformation is a key parameter in deter-
mining the heat treatment process to achieve the desired microstructure.
Since the alloying elements may stabilize a phase (a or p), the a to f
transus temperature varies in different titanium alloys. Moreover, the
starting microstructure for a given alloy can alter the transus tempera-
ture. Therefore, a systematic and scientific study is required to deter-
mine the kinetics of phase transformation in titanium alloys. Differential
scanning calorimetry (DSC) is a powerful tool to achieve such a goal.
Homporova et al. [11] studied the f to o phase transformation in an
annealed Ti-64 alloy in o+ and p regions with different cooling rates.
The purpose of the study was to determine the conditions that result in
various microstructures in terms of the size and morphology of o-laths
and primary o-grains in p matrix, «’, and secondary a. Xu et al. [12]
investigated the o’ phase transformations by performing DSC on Ti-64
samples. The samples were heat treated at 850 °C, 900 °C, and
950 °C. The authors observed broader and deeper exothermic peaks for
samples heat treated at higher temperatures due to higher o’ proportion
in the matrix and reported that o’ nucleation rate is proportional to the
vanadium content in the f§ phase. Steedman et al. [13] performed DSC
runs to analyze aluminum and vanadium in-situ diffusion under varying
holding times at 1200 °C for a powder blend of fine and coarse 60A1-40V
and CP-Ti (Grade 3). The DSC results disclosed a more flat and broad
transformation peak and high p transus temperature for a short holding
time and revealed faster diffusion of Al than V. An opposite trend was
seen for a longer holding time where V diffuses much faster. Hardy et al.
[14] performed a DSC test on an aged Ti-64 sample to analyze o’ to o+f
phase transformation for continuous heating and the results also
revealed the secondary a dissolution temperature. Li et al. [15] used DSC
to pick the correct heat treatment temperature to achieve high strength
in porous Ti-64 components for medical applications.

The literature has a limited body of work on the analysis of phase
transformation in Ti-6242. Reiger et al. [16] studied Ti-6242 to identify
the f transus temperature and verified the result by quantitative analysis
of phase content. The result shows an increase in f§ content from 62 vol%
to 96 vol% for temperature increase from 980 °C to 1015 °C and 100 vol
% at 1020 °C. The authors also performed EDX-SEM analysis and
showed a high percentage of p and o stabilizing elements in o’ and o
phases, respectively. To our best knowledge, no literature is available on
the modeling of phase transformation kinetics in L-PBF-Ti-6242. The
study of phase transformation kinetics is important to establish funda-
mental knowledge of the role of material history in physical properties.
The material history in terms of chemistry (a and p stabilizer elements)
and processing (manufacturing route and heat treatment) will affect the
microstructure which will then determine the physical properties. As a
result, the kinetics of phase transformation will alter. One important
aspect of the phase transformation kinetics should be sought in opti-
mizing the heat treatment parameters to obtain desired microstructure
and properties. Literature reports some studies to establish the empirical
relationship between heat treatment and the microstructure of titanium
alloys [17,18], but modeling of phase transformation kinetics is still
limited. Malinov et al. [19] used DSC data of continuous cooling of Ti-64
to model B to a phase transformation kinetics by employing
Johnson-Mehl-Avrami-Kolmogorov (JMAK) model. The study showed
that the transformation is controlled by the nucleation rate and the
activation energy for nucleation is inversely proportional to tempera-
ture. Yu et al. [20] employed thermal dilatometry to investigate the
non-isothermal phase transformation of Ti-64 and used JMAK theory to
model the kinetics. The obtained transformation curve shows typical “S”

Materials Science & Engineering A 860 (2022) 144294

patterns designating the elemental diffusion-controlled nucleation and
growth mechanism.

It is noteworthy to mention that the rate of phase transformation
does not only depend on the composition of the alloy and the heating
rate, but it also depends upon the initial microstructure. Fan. et al. [21]
discussed the effect of initial microstructure in the transformation ki-
netics of TA15 titanium alloy, another near « alloy, and showed that the
rate of phase transformation is different for different initial micro-
structures as it changes from equiaxed o to lamellar a. In another study,
Li et al. [22] discussed the phase transformation kinetics of equiaxed,
duplex, and lamellar structures as the initial microstructure of
Ti-64-0.55Fe. The work reported that the lamellar structure has the
highest activation energy and the fastest rate of o to p transformation
while equiaxed has the lowest activation energy with the slowest
transformation rate.

Titanium alloys have been fabricated through conventional
manufacturing processes including casting, rolling, forging, etc. How-
ever, an obstacle to the widespread application of titanium alloys is the
high cost of production, mainly raised from the machining step [23].
Therefore, an alternative way to reduce production costs is to adopt a
near-net-shape manufacturing route. Among the available
near-net-shape manufacturing processes, powder metallurgy (PM) and
additive manufacturing (AM) techniques have shown potential for the
fabrication of titanium alloys [24]. However, AM processes, in specific
powder bed fusion (PBF) techniques, possess unique characteristics that
make them attractive for the fabrication of titanium components.
Laser-PBF (L-PBF) has shown promise in terms of fabricating metallic
alloys with enhanced mechanical properties [24]. Therefore, investi-
gation of the L-PBF of titanium alloys is essential to develop knowledge
on the processing-microstructure-properties relationship in these alloys
to spread their application.

The fabrication of metallic materials using metal AM processes, and
in particular L-PBF, results in the evolution of a unique microstructure.
The high cooling rate associated with the L-PBF process (in the range of
10%-108 K/s) is the dominant factor in the evolution of ultrafine,
metastable, and hierarchical microstructures [25]. There are available
studies on the role of such unique microstructures in the mechanical
properties of L-PBF alloys [25-29]. While there are studies available on
the role of hierarchical microstructures in phase transformations [30],
the role of hierarchical microstructures in phase transformation kinetics
has not been investigated. Such microstructures can potentially alter the
kinetics (and even thermodynamics) of phase transformations in the
L-PBF materials. For instance, it has been reported that the dislocation
density can substantially affect the precipitation kinetics [31,32] since
dislocations act as pipelines for the diffusion of alloying elements. One of
the hierarchical characteristics in the microstructure of L-PBF alloys is
the high dislocation density [25]. While in some cases such as high
entropy alloys the dislocation density may vary depending on the build
height location [33], in legacy alloys like AlSi10Mg and Ti-64 the
dislocation density is almost consistent at different heights [34,35].
Considering the high dislocation density in the L-PBF alloys, the kinetics
of phase transformation could be potentially different compared to the
conventionally manufactured counterparts. Therefore, it is necessary to
develop a fundamental understanding of the role of metastable and hi-
erarchical microstructure in the o to  phase transformation kinetics in
L-PBF-titanium alloys.

The development of a to p phase transformation kinetics in L-PBF-
titanium alloys will create a basis for the development of proper heat
treatment recipes to design desired microstructures and properties. The
available studies on the heat treatment of L-PBF-Ti-64 [36,37] and
L-PBF-Ti-6242 [16,38,39] show that different heat treatment recipes
have been employed by different researchers that have resulted in a
variety of microstructures. However, it appears these heat treatments
were developed based on trial and error efforts rather than knowing the
kinetics of phase transformations. This study can shed the light on a
scientific and optimum approach to designing the proper heat
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treatments for L-PBF-titanium alloys.

In the present work, the kinetics of a to § transformation of L-PBF-Ti-
6242 and two grades of L-PBF-Ti-64 alloys are modeled using the DSC
results. The difference between the two Ti-64 grades is the homogeneity
of oxygen distribution in their chemistry. The DSC runs are performed
under non-isothermal heating and the modeled parameters are
employed to develop the isothermal heating conditions. The modified
Johnson-Mehl-Avrami-Kolmogorov (JMAK) model is used for the
modeling of phase transformation kinetics. Literature shows the
importance and efficiency of the JMAK model to investigate the phase
transformation kinetics of metallic alloys like Ti-64 [19,20], steel [40],
and amorphous alloys [41,42].

2. Experimental procedure
2.1. Materials and L-PBF process

L-PBF technique was used to fabricate cylindrical rods of Ti-6242 and
Ti-64 in a vertical orientation with 8 mm diameter and 70 mm height
using the EOS M290 machine available at the University of Memphis
(Metal Additive Manufacturing Laboratory). The L-PBF process param-
eters to fabricate all the alloys remained the same to attain comparable
results. Important process parameters include laser power (P), scan
speed (v), hatch distance (1), and layer thickness (h). In the current study,
these parameters were selected based on the optimum parameters
developed for the fabrication of the titanium alloys with the least
porosity level and set to P =280 W, v = 1200 mm/s, [ = 140 pm, and h =
30 pm. The samples were printed using the stripe scanning strategy. Two
grades of Ti-64 powder were used to fabricate the rods, namely grade 23
(Ti-64-G23 which is equivalent to Ti-64 ELI) and a mixed grade (Ti-64-
MG). The difference between these grades is their oxygen homogeneity.
While in both grades the oxygen content is less than the 0.2 wt% stan-
dard thresholds, the distribution of the oxygen element is different. In
Ti-64-G23, the oxygen is distributed homogeneously in all interstitial
positions in the crystal structure. On the other hand, the Ti-64-MG
powder was produced by mixing a low-oxygen-content powder (Ti-64-
G23) and a high-oxygen-content powder (Ti-64-G5). It is well-known
that the oxygen content in titanium alloys should be carefully moni-
tored due to its role in the microstructure evolution [43-45]. While the
overall oxygen content was kept at 0.13 wt%, the positions with a higher
percentage of Ti-64-G5 contribute higher oxygen content compared to
positions with higher Ti-64-G23 particles. The main motivation in this
regard was to investigate the feasibility of grade mixtures for various
processes of additive manufacturing in which the oxygen content needs
to be controlled. The chemical composition of the powders is shown in
Table 1 and Table 2. The powder feedstocks were supplied by AP&C (a
GE Additive Company) in Quebec, Canada with a particle size distri-
bution of 15-45 pm.

2.2. DSC analysis

To study the thermal behavior of the alloys, DSC tests were per-
formed using an SDT 650, TA instruments (Delaware, USA). The
continuous flow of highly pure argon gas with a flow rate of 150 mL/min
was maintained to eliminate oxidation. To perform DSC analysis, small
discs of 4 mm diameter and 2 mm height were machined from the L-PBF
samples with a flat base to achieve uniform heat flow. The samples were
made from the centerline of the rods, away from the top and bottom of
the component to ensure the consistency and repeatability of the results.
To study the non-isothermal phase transformation kinetics, continuous

Table 1

Chemical composition of Ti-6242 feedstock (wt%).
Alloy Al Sn Zr Mo Si Ti
Ti-6242 6 2 4 2 0.08 Bal.
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heating was conducted at a heating rate (®) of 20, 30, 40, and 50 °C/min
from room temperature to 1200 °C. All the calculations to model the
transformation kinetics were done on the baseline-corrected curves. The
baseline correction was done using the peak analyzer module of Ori-
ginPro 2021. To study the effect of initial microstructure on trans-
formation kinetics ten repeated heating and cooling runs were done on
the L-PBF-Ti-6242 at a heating rate of 20 °C/min from room temperature
to 1200 °C. It is noteworthy to mention that despite the nature of the L-
PBF technique in accumulating heat during layer-by-layer deposition,
the microstructure of L-PBF alloys is relatively consistent through the
height of a cylindrical rod from bottom to top [35]. Therefore, the DSC
results in the current study represent the behavior of the L-PBF material
at different build heights.

2.3. Microstructural studies

The microstructure of L-PBF-Ti-6242 was studied using the scanning
electron microscopy (SEM) technique. The samples were prepared
through a standard metallography procedure followed by etching using
Kroll’s Reagent. The SEM imaging was done using a field emission gun
scanning electron microscope (FEG-SEM-FEI Nova NanoSEM-650). All
images were taken in the secondary electron (SE) mode.

3. Results and discussion
3.1. Evaluation of DSC results and baseline correction

Titanium has a hexagonal close-packed crystal structure at room
temperature and a body-centered cubic structure at higher temperatures
known as a and f phases, respectively. Fig. 1 (a) shows the DSC curves
for L-PBF-Ti-6242 from 200 °C to 1200 °C for varying heating rates of
20, 30, 40, and 50 °C/min. The DSC curves represent some exothermic
and endothermic reactions in the material associated with the phase
transformations. Fig. 1 (a) shows the DSC curves of L-PBF-Ti-6242 for
varying heating rates. Two important peaks are highlighted on the
curve; nanotwin annihilation (an exothermic peak) and « to p trans-
formation (an endothermic peak) zones; labeled as peak 1 and peak 2,
respectively. Nanotwins are formed during the L-PBF process due to
rapid cooling [46]. Previous studies have shown the importance of
nanotwins in enhancing the material’s ductility by accommodating the
dislocations [47]. Therefore, in the process of designing the heat treat-
ment of the L-PBF-Ti-6242, it is important to consider this zone to pre-
serve the nanotwins. On the other hand, the study of a to f
transformation zone (peak 2) is important to determine the p-transus
temperature which plays a crucial role to optimize the solutionizing
temperature. The f-transus temperature is the temperature for the
transformation of all a to § [48].

The reaction considered in the current study is the endothermic
process that is associated with the o to § transformation. To better study
these endothermic peaks and determine their characteristics, the DSC
curves were corrected by subtracting the baseline. The baseline sub-
traction eliminates the artifacts and nonlinearities that emerge from the
DSC equipment [49] and accounts for the heat flow only due to reaction
in the measuring system or sample [50]. Each peak is characterized by
three temperatures: onset (T,), peak (Tp), and end (T,) temperatures
[42]. The T, and T, temperatures represent the start and completion
points of the process, while the Tp is associated with the highest phase
transformation rate represented by the half-width of the peak (sharpness
of the peak). The baseline subtraction is performed between the T, and
T, for each heating rate. The T, and T, is determined using the first
derivative of heat flow as a function of temperature as shown in Fig. 1
(b). The peak in derivative gives the start and finish of a transformation
process as it represents the slope of the actual heat flow curve and
highlights the T, and T,. Further study is focused in the region between
T, and T, as shown in Fig. 1 (c), (d) and (e) which represent a to
transformation region after baseline correction for L-PBF-Ti-6242,
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Table 2
Chemical composition of Ti-64-MG and Ti-64-G23 feedstock (wt%).
Alloy Al A Fe o C N H Y Other each Other total Ti
Ti-64 MG 6.36 4.04 0.21 0.13 0.01 0.01 0.002 <0.001 <0.1 <0.4 Bal.
Ti-64 G23 6.32 3.99 0.19 0.12 0.02 0.01 0.002 <0.001 <0.1 <0.4 Bal.
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Fig. 1. DSC curves for (a) L-PBF-Ti-6242 without baseline correction and (b) determination of T, and T, using first derivative as a function of temperature (for L-PBF-
Ti-6242 at a heating rate of 20°C/min). o to p transformation peaks after baseline correction for (c¢) L-PBF-Ti-6242, (d) L-PBF-Ti-64-MG, and (e) L-PBF-Ti-64-G23.
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L-PBF-Ti-64-MG, and L-PBF-Ti64-G23 respectively at various heating
rates.

It is noteworthy to mention that a metastable sub-nanometer tran-
sition phase forms during the a to p phase transformation in titanium
alloys. Fu et al. [51] used in-situ TEM and STEM characterization
techniques to analyze the non-classical intermediate states of a to p
phase transformation in Ti-Mo binary alloy. The study revealed the
formation of a six-fold symmetry hexagonal pattern with lattice pa-
rameters different than the original o phase. Wang et al. [30] also re-
ported the formation of a transition phase designated as agyg (high in
Moeg), a non-equilibrium HCP phase having composition close to p
phase in the L-PBF-Ti-64 during o’ to a+f phase transformation. The
agme has lattice parameters different from the original o’ martensite.
These studies show the presence of an intermediate stage during the
phase transformation, however, due to the sub-nanometer scale of the
phase, no heat flow evidence was observed in the DSC curves in the
current study.

The area under the peak is the total energy required for the trans-
formation. The f transus temperature (T,), was evaluated from the DSC
curves for L-PBF-Ti-6242, L-PBF-Ti-64-MG, and L-PBF-Ti-64-G23 as
1013 £ 2°C, 1004 £ 3°C, and 993 + 2°C, respectively. The B transus
temperature of L-PBF-Ti-6242 is close to the value reported by Rieger
et al. [16]. Among the three alloys analyzed in this study, the highest
transus temperature belongs to L-PBF-Ti-6242 as it is a near-a titanium
alloy with the least § stabilizing elements. It is clear from Fig. 1 (c)-(e)
that the peak temperature shifts towards a higher value for the higher
heating rates. Such a phenomenon could be explained using thermo-
dynamics and kinetics concepts as any reaction needs time to complete.
By increasing the heating rate, the time period reduces, so the reaction is
completed at a higher temperature. This clear shift in peak temperature
for a higher heating rate has been previously reported for other mate-
rials [52,53]. Table 3 shows the values of peak temperatures along with
the range of onset and end temperatures for the three alloys.
L-PBF-Ti-64-MG has a higher peak temperature than L-PBF-Ti-64-G23
for the same heating rates. This may be due to the heterogeneous dis-
tribution of oxygen in the L-PBF-Ti-64-MG which delays the kinetics.
Among all, L-PBF-Ti-6242 has the least §} stabilizing elements that result
in the highest peak temperature.

3.2. Activation energy calculation

The calculation of activation energy (E,) is a prerequisite to studying
the transformation kinetics of any system where E, is generally a con-
stant in the case of single-phase transformation [54]. The activation
energy is a thermodynamics parameter that represents the minimum
level of energy (i.e. energy barrier) required to start a process of trans-
formation. Using the DSC results, the activation energy for a to f
transformation in titanium alloys can be estimated using the Kissinger
model [55]. The Kissinger model is expressed as follows [56]:

/] E,
In(— | = ———= + constant 1
n(sz) RT, + constan (€8]
Table 3

Comparison of peak temperatures and transformation range as a function of
heating rate obtained from the DSC curves.

® (°C/min) L-PBF-Ti-6242 L-PBF-Ti-64-MG L-PBF-Ti-64-G23
Tp (°C)

20 982 955 951

30 987 960 955

40 990 964 961

50 994.5 969 965
o—p transformation range

20-50 944-1016 904-1008 900-996
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where R is the universal gas constant (8.314 J/mol.K), Tp is the peak
temperature (in K), @ is the heating rate (in K/s) and E, is the activation
energy (in J/mol). The activation energy could be evaluated by using a

linear regression between In (T%) and 1000/T, as shown in Fig. 2.
P

It is observed from Fig. 2 that L-PBF-Ti-6242 has the highest acti-
vation energy of 973.73 kJ/mol compared to L-PBF-Ti-64-MG and L-
PBF-Ti-64-G23 with respective values of 824.61 and 770.18 kJ/mol for a
to p transformation. Such a difference is associated with the character-
istics of L-PBF-Ti-6242 since it is a near-a titanium alloy. Consequently,
due to the stability of the o phase, L-PBF-Ti-6242 requires more energy
to activate the transformation. On the other hand, both L-PBF-Ti-64-MG
and L-PBF-Ti-64-G23 alloys possess p stabilizing elements, stimulating
the transformation to begin at lower energy levels.

The study further continued to investigate the activation energy of a
conventionally manufactured Ti-6242 (rolling in this case). DSC runs
with different heating rates were conducted and the activation energy
was calculated as seen in Fig. 3. The study shows that the rolled Ti-6242
has an activation energy of 1169.61 kJ/mol which is higher than L-PBF-
Ti-6242. The reason might be the formation of a higher number of dis-
locations during rapid cooling in the L-PBF process. The dense and
entangled dislocations will facilitate the diffusion of the alloying ele-
ments [31] and consequently expedite the o to § phase transformation.
As a result, lower activation energy is achieved in the L-PBF-Ti-6242
alloy.

3.3. Calculation of a to f transformed fraction

The heat flow values obtained from the DSC experiments are used to
calculate the transformation percentage at any time (t) using Eq. (2)
[57]. The basis for the calculation of the transformed fraction is to
compare the fraction of heat absorbed or released to the total heat flow
needed to finish the transformation. It is also noteworthy to mention
that the denominator in Eq. (2) represents the total enthalpy of trans-
formation and the integration should be taken over time rather than the
temperature [57].

t

/ Har
Iy
le
/ Hdt
s

where Y is the fraction transformed, t; and t, are the transformation start
and end times, respectively, and H is the heat flow measured during the
DSC runs. Quantitatively, the numerator represents the area under the
baseline-corrected DSC curve between t; and t (Fig. 1 (b)-(d)), while the
denominator is the total area under the peak curve.

Fig. 4 shows the fraction of o transformed to § as a function of time.
The plot shows a typical sigmoidal curve, thus, the o to p transformation
process is governed by nucleation and growth mechanisms [20].
Although both L-PBF-Ti-64-MG and L-PBF-Ti-64-G23 have the same
weight percentage of oxygen, for a given heating rate, the former re-
quires a longer time for the completion of the transformation. Such a
difference could be explained by considering the homogeneity of the
oxygen distribution in the chemical composition. As mentioned in sec-
tion 2.1, the Ti-64-MG powder was produced by mixing a
low-oxygen-content powder (Ti-64-G23) and a high-oxygen-content
powder (Ti-64-G5). Therefore, it is expected that a heterogeneous oxy-
gen distribution presents in Ti-64-MG. As a result, in the positions where
higher local oxygen content is available the kinetics is delayed as oxygen
is a stabilizer and the p nucleation is comparatively difficult. On the
other hand, in the positions where lower local oxygen content is avail-
able, the kinetics of phase transformation is considerably similar to the
standard Ti-64-G23. So, the addition of Ti-64-G5 to Ti-64-G23 delays the

Y=

(2)
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kinetics due to higher Ti-64-G5 content (higher oxygen content) in some
positions and keeping the kinetics similar to Ti-64-G23 in the positions
which has a lower percentage of Ti-64-G5 comparative to Ti-64-G23.
This heterogeneous distribution of Ti-64-G5 in Ti-64-MG (means het-
erogeneous distribution of oxygen in Ti-64-MG) delays the trans-
formation kinetics in Ti-64-MG. Considering the same reason,

L-PBF-Ti-64-MG possesses a higher o to f transformation activation
energy compared to L-PBF-Ti-64-G23 (Fig. 2). It should be noted that
unlike the electron beam melted (EBM)-Ti-64 where oxygen pickup
throughout the process is a major issue [58,59], in the L-PBF-Ti-64
minimal oxygen pickup (in the order of ppm) may occur [34]. The re-
sults in Ref. [34] were obtained by printing the samples using the same
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Fig. 4. Calculated fraction transformed (« to p) as a function of time for (a) L-PBF-Ti-6242, (b) L-PBF-Ti-64-MG, and (c) L-PBF-Ti-64-G23.

machine in this study. As a result, the oxygen content of the material will
remain within the standard tolerance and will not affect the kinetic re-
sults significantly.

The speed of fraction transformed for both L-PBF-Ti-64 grades
cannot be compared with L-PBF-Ti-6242 as Ti-6242 possesses a different
chemical composition. On the other hand, by plotting the fraction
transformed as a function of temperature, as seen in Fig. 5, it can be
easily observed that L-PBF-Ti-64-G23 finishes the transformation at a
lower temperature for the same heating rates because of the compara-
tively high p stabilizing elements. The transformation in L-PBF-Ti-64-
MG and L-PBF-Ti-6242 finishes at higher temperatures. As explained
earlier, this is due to the heterogeneous distribution of oxygen in L-PBF-
Ti-64-MG which delays the transformation kinetics and availability of
less B stabilizing element in L-PBF-Ti-6242 as it is a near a alloy. Fig. 5
also validates the thermodynamics concept discussed in section 3.1 that
the higher the heating rate, the higher will be the temperature at which
the transformation finishes.

3.4. Non-isothermal phase transformation kinetics

The non-isothermal phase transformation kinetics is investigated by
employing the modified Johnson-Mehl-Avrami-Kolmogorov (JMAK)
model. The JMAK model is a common approach to analyzing the
isothermal phase transformation kinetics [60-64]. The solution of the
JMAK model assuming a time-independent nucleation and growth rates
for isothermal heating is represented by Eq. (3) [65]:

Y=1—exp [—(kt)"] 3
where Y is the fraction transformed at a given time (t) after the trans-
formation start, n is the Avrami exponent and k is the overall rate con-
stant which is a function of temperature. Since the JMAK model is valid
for isothermal transformation conditions it has been modified for non-
isothermal transformation by substituting the expression for k in Eq.
(3) with a temperature-dependent term as follows [40,41,66]:

K(T) = ko exp (—ﬂ)

RT 4

where ky is the pre-exponential factor. The activation energy (E,) could
be evaluated through the Kissinger model (Eq. (1)). The general JMAK
equation can be then rewritten as:

v=1-ep{- [/”[k(T)dt}n}

where ty is the transformation start time. For a constant value of tem-
perature, Eq. (5) is the general form of the JMAK model, however, for
continuous heating at a constant rate of ¢ = 4, Eq. (5) is revised as
follows [40,41,66]:

e {(2) ]

(5)

(6)
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Fig. 5. Calculated fraction transformed (« to p) as a function of temperature, (a) L-PBF-Ti-6242, (b) L-PBF-Ti-64-MG, and (c) L-PBF-Ti-64-G23.

By substituting the expression of k from Eq. (4), the modified expression
to model non-isothermal phase transformation kinetics for a constant
heating rate at any given temperature T (K) is expressed as follows [42,
52]:

Y=1—exp [ - {% (exp RI?) (T - Tu)}n}

where @ is the heating rate (K/sec or °C/s), T, is the onset temperature
of the phase transformation (in K) that can be determined from the DSC
curves, and R is the universal gas constant (8.314 J/mol.K). The value of
n and ko was calculated by performing a curve fitting to the experi-
mental transformed fraction curves (obtained from the DSC experi-
ments) using the solver tool of MS Excel. The fitting was done for each
heating rate and the final curve was made using the average n and kg
values as shown in Table 4 along with respective activation energies.
The value of n can be correlated to the nucleation rate [67]. The com-
parison between the n-value for the L-PBF-Ti-64-MG and

)

Table 4

Avrami exponent, pre-exponential factor, and activation energy for L-PBF-Ti-
6242, L-PBF-Ti-64-MG, and L-PBF-Ti-64-G23.

L-PBF-Ti-6242 L-PBF-Ti-64-MG L-PBF-Ti-64-G23
n 0.75 0.59 0.68

ko 2.55 x 10% 4.56 x 10%? 3.75 x 10%

E, (kJ/mol) 937.73 824.61 770.18

L-PBF-Ti-64-G23 shows that the former possesses a lower Avrami
exponent. Such a difference shows that the nucleation rate is lower in
the L-PBF-Ti-64-MG. As discussed previously, the lower nucleation rate
is associated with the heterogenous oxygen distribution in the chemistry
of the L-PBF-Ti-64-MG.

In the next step, these values were used to predict the « to p fraction
transformed. Both the experimental and calculated (predicted) fraction
transformed curves for all the heating rates are shown in Fig. 6. It is seen
that a good fit is achieved between the experimental and calculated
data, which validates the kinetics models developed in this study.

To further analyze the phase transformation kinetics and character-
istics, the local Avrami exponent (n) was evaluated using Eq. (8) [42]:

B 1 din{—In(1-7Y)}]
TR ]
The slope of In[—In(1 —Y)] versus In(*) plot indicates the variation
of n throughout the transformation process. The local n is an important
parameter in solid-state phase transformation as it elaborates on the
nucleation and growth mechanisms [67]. The heating rate of 20 °C/min
was considered as an example to evaluate local n and the plots of

In[~In(1 -Y)] versus In("_f*) are shown in Fig. 7. The slope remains

almost constant over the majority of the process. Such a characteristic
could imply that the nucleation and growth behavior remains almost the
same for a major part of the transformation in all three alloys. The value
of local n was calculated as a function of the fraction transformed using

n

®
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Fig. 6. Experimental and calculated non-isothermal fraction transformation comparison for (a) L-PBF-Ti-6242, (b) L-PBF-Ti-64-MG, and (c) L-PBF-Ti-64-G23.

Eq. (8) and the results are shown in Fig. 8. It is clear from Fig. 8 that the
local n is almost constant for a major part of transformation (stage II)
which validates the outcome of Fig. 7. The transformation process can be
divided into three stages based on the value of local n as shown in Fig. 8.
Stage I is associated with 0 < Y < 0.1 where the value of local n is high
once the system achieves activation energy, showing a high nucleation
rate in the beginning of the process. As the process proceeds, the value of
local n rapidly decreases indicating the reduction in nucleation rate
[67]. In stage II, where 0.1 < Y < 0.95, the nucleation rate slowly goes
down as the local n value decreases gradually. Such a trend indicates
that in stage II the transformation proceeds only by the interface growth
of all the nuclei generated in stage I with limited new nuclei formed
[20]. This is due to the consumption of f stabilizing elements for the
growth of the p phase resulting in a continuous drop in available p sta-
bilizing elements [20]. The nucleation rate is limited because the
elemental concentration of f stabilizing elements required for nucle-
ation became less than the critical concentration [20,67]. In stage III for
Y > 0.95, the kinetics is accelerated rapidly, and this abnormal behavior
was observed in previous studies as well, but to the best of our knowl-
edge, the reason is not yet clear [20,66].

An interesting outcome from Fig. 8 is the fact that for a major portion
of transformation (stage II) the value of local n is close to the constant
value of n obtained from the solver shown in Table 4, confirming the
validation of the developed model for all the alloys studied in this work.

3.5. Isothermal phase transformation kinetics

The validity of the calculated values of kinetic parameters E,, n, and
ko is proven, as the modified JMAK model for all three alloys in this work
was validated by a good agreement between the experimental and
calculated data for non-isothermal transformation. Further, these values
can be used to calculate the fraction transformation ratio as a function of
time for isothermal holding using Egs. (3) and (4) [57]. By substituting
the value of E,, and ko in Eq. (4) the respective value of k for a constant
temperature is determined. Futher, using the obtained value of k and n in
Eq. (3), the frcation transformation is calculated for that constant tem-
perature with varying time (t) [57].

The study of isothermal phase transformation kinetics is important to
quantify the p phase in the a matrix during isothermal heat treatment.
Previous studies on the L-PBF-Ti-6242 showed the formation of ultra-
fine o’ microstructure due to rapid cooling, resulting in high strength
in the as-built condition [16,38]. The traditional route of heat treatment,
which consists of solutionizing followed by aging, coarsens the micro-
structure which deteriorates the mechanical properties [68]. On the
other hand, direct aging is a better route for strengthening. The forma-
tion of nano-f precipitates after aging strengthens the material by the
principle of precipitation hardening [69]. Rieger et al. [16] studied the
effect of stress relief annealing (SRA) on the L-PBF-Ti-6242 and showed
that the SRA at 800-850°C for 1-3 h caused the formation of p pre-
cipitates participating in the strength enhancement. These nano-f par-
ticles hinder the dislocation motion which results in higher strength by
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compromising the ductility [38]. Based on the previous studies, the
L-PBF-Ti-6242 demands a balance between nanotwins and f precipitates
in the o matrix. The nanotwins in the as-built microstructure accom-
modate the dislocations which enhance the ductility of the material.

10

These nanotwins are annihilated by aging at 595 °C for 8 h [38]. On the
other hand, aging is necessary for enough p precipitate formation to
enhance the strength [16]. Similarly, the aging parameter of the
L-PBF-Ti-64 should be chosen carefully as over-aging lowers the strength
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and fracture toughness by coarsening the fine as-built «’ grains [70,71].
Therefore, it is necessary to develop kinetics models for the isothermal
heat treatments of titanium alloys.

The isothermal heat treatment was studied at 1050, 1000, 950, and
900 °C. These temperatures were selected based on the onset and peak
temperatures of the phase transformation extracted from the DSC
curves. The transformation curves for isothermal heat treatment at
respective temperatures are shown in Fig. 9. Similar to the trend
observed for the non-isothermal phase transformations, the isothermal
phase transformation is faster in the L-PBF-Ti64-G23, compared to the L-
PBF-Ti64-MG. The reason is the homogeneity of the oxygen content.
Moreover, for all three alloys, the transformation is faster at higher
temperatures, however, for a better understanding and comparison of
transformation kinetics, the rate of phase transformation is calculated.

Table 5. compares the rate of phase transformation for isothermal
holding at different temperatures shown in Fig. 9. The rate of phase
transformation is calculated as the inverse of the time required for 50%
of the transformation (tp 5) and represented asr = é. A higher value of r
implies higher transformation kinetics.

It is clear from Table 5 that at a higher temperature (1050°C) the
transformation rate is faster for all three alloys. This represents the faster
kinetics at higher temperatures which is an obvious phenomenon. On
the other hand, the transformation kinetics of L-PBF-Ti-6242 is slower
than L-PBF-Ti-64-MG and L-PBF-Ti-64-G23 at respective temperatures.
This is obvious as L-PBF-Ti-6242 is a near « titanium alloy with little p

Materials Science & Engineering A 860 (2022) 144294

Table 5
The rate of phase transformation at different holding temperatures.

Temperature (°C) L-PBF-Ti-6242 L-PBF-Ti-64-MG L-PBF-Ti-64-G23

r (s'l)
1050 1.47 2.31 2.48
1000 0.05 0.12 0.15
950 1.06 x 103 5.05 x 103 8.06 x 103
900 1.79 x 10 1.61 x 10* 3.21 x 10

stabilizer. Similarly, comparing L-PBF-Ti-64-MG and L-PBF-Ti-64-G23
the inhomogeneity of oxygen delays the kinetics in L-PBF-Ti-64-MG
resulting smaller value of the rate of phase transformation. For both
isothermal holding and continuous heating, L-PBF-Ti-6242 has the
slowest rate of phase transformation followed by L-PBF-Ti-64-MG.

3.6. Effect of initial microstructure on phase transformation kinetics

The rate of phase transformation depends both on the heating rate
and the initial microstructure. As discussed in section 3.3, the rate of
transformation highly depends on the heating rate, the higher the
heating rate the higher will be the transformation kinetics. In addition,
the initial microstructure can alter the phase transformation kinetics. An
important aspect of the microstructures of the AM titanium alloys is
their metastable and hierarchical characteristics. The microstructure of
AM titanium alloys (specifically the L-PBF alloys) consists of a fine lath
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martensitic o’ /a structure [72], featured by nanotwins within the mar-
tensites [1], and the network of entangled dislocations [73]. To assess
the role of the initial microstructure in the o to § transformation kinetics,
a sample of L-PBF-Ti-6242 was analyzed using the DSC under ten
consecutive heating cycles. The sample was heated to 1200 °C with a
heating rate of 20 °C/min and then cooled down to 50 °C under a slow
cooling rate, followed by the same heating and cooling patterns for 10
cycles. Thermal cycles of 2 to 10 gradually altered the microstructure of
the material toward an equilibrium state. Therefore, it is expected that
the phase transformation kinetics is different at different cycles.

Fig. 10 shows the SEM microstructure of as-built L-PBF-Ti-6242
along with the microstructure of the material after 4 cycles and 9 cycles
of DSC. These two microstructures represent the starting microstructure
for the 5th and 10th cycles, respectively. As seen, the microstructure of
the as-built L-PBF-Ti-6242 consists of an acicular martensitic o'/«
structure which is a common structure in the as-built L-PBF-Ti-6242 [16,
38]. After 4 cycles of heating and cooling, the § phase developed along
the o’ /a boundaries and the o’ /o lath grew [39]. At the end of the 9th
cycle, coarser a’/a laths developed in the material. As a result, the
starting microstructure for the 1st, 5th, and 10th DSC cycles are
different.

Fig. 11 shows the fraction transformed as a function of . where t* is
the time required to complete the o to p transformation in the 1st cycle
that represents the transformation kinetics of L-PBF-Ti-6242 with as-
built or initial microstructure. It is observed from Fig. 11 that the time
required for « to p transformation in the 5th and 10th heating cycles is
~1.1 and ~1.2 times of the 1st heating cycle, respectively. The reason
for the increase in transformation time with each heating cycle would be
the change in microstructure after every cycle which results in a new
initial microstructure at the beginning of every heating cycle (Fig. 10).
Fan. et al. [21] discussed the effect of initial microstructure in the
transformation kinetics of TA15 titanium alloy, another near a alloy, and
showed that the rate of phase transformation is different for different
initial microstructures as it changes from equiaxed a to lamellar «. In the
current study, the initial microstructure was martensitic «’/a, due to
rapid cooling during the L-PBF process [16,38]. The microstructural
features gradually changed and o’ /a coarsened after the completion of
each heating and cooling cycle. As a result, each cycle started with a
different microstructure. Referring to Fig. 11, altering the as-built

(b)

10. SEM images of (a) as-built L-PBF-Ti-6242 and L-PBF-Ti-6242 after (b) 4 cycles and (c) 9 cycles of DSC. The dark phase is a/a’ and the bright phase is a+p.

Fig.
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microstructure and eliminating the hierarchical features resulted in a
slower o to p transformation kinetics. It appears that the ultrafine and
hierarchical microstructural features can potentially expedite the pro-
cess of transformation. Therefore, these features can be used to develop
a proper heat treatment process and tailor the desired microstructure to
obtain both strength and ductility simultaneously.

3.7. Design of heat treatment based on phase transformation kinetics
results

A major issue associated with the mechanical properties of L-PBF
titanium alloys (including both Ti-64 and Ti-6242) is their low ductility
in the as-built condition. To overcome such a shortcoming, the as-built
samples are heat treated. Some efforts have been made to design both
subtransus and supertransus heat treatments for L-PBF-Ti-6242 to
improve ductility [16,38,39,74]. These heat treatments mainly were
developed based on the available heat treatments for Ti-64 alloy. In
addition, it appears that finding the optimum heat treatment conditions
for L-PBF-Ti-6242 to obtain the desired microstructure heavily relies on
trial and error. Moreover, in most of the available heat treatments, the
material is exposed to high temperatures for a long time. As a result, the
ultrafine and hierarchical characteristics of the microstructure will be
annihilated.

In this paper, the results of the kinetics modeling were employed to
design a two-step heat treatment procedure. The philosophy behind
such a heat treatment design was to promote the nucleation of the §
phase over a short hold at a subtransus temperature followed by a long
hold at a temperature below 595°C to preserve the hierarchical char-
acteristics of the microstructure, and in specific the nanotwins (see Fig. 1
(a), the nanotwin annihilation peak). Referring to the isothermal ki-
netics modeling results presented in Fig. 9, holding the L-PBF-Ti-6242 at
900°C for 10 min will allow for less than 10% f{ transformation.
Therefore, the first step of the heat treatment was designed as 10 min of
holding at 900°C followed by water quenching (designated as 900°C-
10min). In this step, nuclei of p can form by local diffusion of the B
stabilizing element (i.e. Mo). It should be mentioned that despite water
quenching the sample, a portion of p will transform to a/a’ since Ti-6242
is a near-a alloy. In the next step, the sample was aged at 300°C for 48 h
(designated as 900°C-10min/300°C-48hr) to promote the growth of §
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nuclei. One sample was also heat treated using the common 595°C-8hr
for comparison. Fig. 12 shows the resulting tensile properties and Fig. 13
shows the corresponding microstructures.

As seen in Fig. 12, the as-built L-PBF-Ti-6242 possesses a tensile
strength (oyrs) and strain at fraction (&) of 1420 MPa and 8.7%,
respectively. The high strength of the as-built sample is due to the
acicular martensitic o/a’ structure as seen in Fig. 13 (a). The common
595°C-8hr treatment decreased both oyrs and & to 1397 MPa and 6.6%,
respectively. The main reason for such a detrimental effect is the sub-
stantial changes in the microstructure as seen in Fig. 13 (b). This heat
treatment decomposed the o/’ structure into dispersed f particles. The
short holding at 900°C for 10 min decreased oy7s to 1102 MPa, however

13

& substantially enhanced to 17.5%. As seen in Figs. 13 (c), 10 min of
holding at 900°C resulted in the evolution of the f§ phase over the lath
martensite boundaries along with the nucleation of nanoscaled p within
the laths. By aging this sample at 300°C for 48hr, the nanoscaled p grew
with a lamellar morphology, which resulted in the improvement of
strength (cyrs = 1147 MPa) with minimal effect on ductility loss (& =
14.7%).

While this part of the study proves the importance and efficiency of
the kinetics models to design the proper heat treatments for L-PBF ti-
tanium alloys, it should be noted that this effort is still ongoing. In our
future studies, we will explore microstructures using advanced micro-
scopy techniques and correlate them to mechanical properties.

4. Conclusions

In the current study, the a to § phase transformation kinetics of Ti-
6242 and two grades of Ti-64 titanium alloys fabricated through L-
PBF were investigated using DSC under different heating rates. The
difference between the two grades of Ti64 was the homogeneity of ox-
ygen distribution in the powder feedstock. The activation energy was
evaluated through the Kissinger model and the modified JMAK equation
was employed to develop the kinetics models for both non-isothermal
and isothermal transformations. The conclusions of the study are as
follows:

e The characteristics of the « to f phase transformation (including the
onset, peak, and end temperatures) were different between the three
alloys. L-PBF-Ti-6242 possessed the highest peak temperature due to
the stability of the a phase. On the other hand, the heterogeneous
distribution of the oxygen content in L-PBF-Ti64-MG shifted the peak
temperature to higher values compared to the L-PBF-Ti64-G23.

e L-PBF-Ti-6242 had the highest a to § transformation activation en-
ergy of 973.73 kJ/mol compared to 824.61 and 770.18 kJ/mol for L-
PBF-Ti64-MG and L-PBF-Ti64-G23, respectively. The comparatively
high value of activation energy of L-PBF-Ti-6242 was the result of
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Fig. 13. SEM images of (a) as-built, (b) 595°C-8hr, (c) 900°C-10min, and (d) 900°C-10min/300°C-48hr L-PBF-Ti-6242 samples. The white arrows show the inter-

lath, p particles.

less B stabilizing element available in its composition. The difference
between the two grades of the L-PBF-Ti64 was also a result of oxygen
homogeneity.

Comparing the two grades of L-PBF-Ti-64 investigated for isothermal
transformation, the heterogeneous distribution of oxygen in L-PBF-
Ti-64-MG delayed the kinetics. Such a characteristic resulted in
comparatively slower transformation kinetics for L-PBF-Ti-64-MG
than L-PBF-Ti-64-G23.

o The DSC results of ten continuous heating and cooling cycles of L-
PBF-Ti-6242 showed that the phase transformation kinetics depends
on the initial microstructure, where the as-built hierarchical and
metastable microstructure expedited the phase transformation ki-
netics. Such behavior is important since it implies the importance of
the as-built microstructure in designing the heat treatments and
engineering the desired microstructures.

The kinetics models were employed to design a two-step heat treat-
ment for L-PBF-Ti-6242 to improve its ductility with minimal effect
on strength. 10 min of holding at 900°C followed by aging at 300°C
for 48 h resulted in an increase in the ductility from 8.7% in the as-
built condition to 14.7% after heat treatment. Meanwhile, the
strength exhibited a slight reduction from 1420 MPa to 1147 MPa.
Such changes were correlated to the microstructure of the material,
as the nanoscaled p phase nucleated at 900°C and grew at 300°C,
while the other hierarchical features were preserved.
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