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ABSTRACT

Thermal cycles have an important effect on the microstructure and properties of the components fabricated
by wire-arc directed energy deposition (wire-arc DED). In this study, a Gleeble thermal-mechanical si-
mulator was adopted to create closer-to-reality thermal cycles with the assistance of a numerical simula-
tion model and experimental Ti-6Al-4V deposition. Step-by-step microstructure evolution, including oy,
retained B, and GB o, microhardness gradual variation, and the corrosion resistance change before and after
the entire thermal cycle were investigated. Therefore, combining phase orientation and high-magnification
morphology, transformed and untransformed o that occurred in low- and medium-temperature thermal
cycles can be distinguished. After the entire thermal cycle, o, laths coarsened from ~1 pm to ~1.2 pm, and
the content of retained p phase became more and more. The o, formed around grain boundaries partially
disappeared and was occupied by « laths from the inner grain. GB « was more continuously distributed
along prior B grain boundaries due to its lower formation temperature during the subsequent thermal cycles
that were occurring incomplete a—f transformation. The severe preferential orientation of a phases formed
after the deposition and high-temperature thermal cycle was also alleviated through the twice low-tem-
perature thermal cycles. Besides, the microhardness decreased from 318.78 + 7.5 HV to 285.17 + 5.3 HV
after the high-temperature thermal cycle but eventually increased significantly to 330.5 + 6.4 HV after
experiencing the final low-temperature thermal cycle. The corrosion resistance decreased after the entire
thermal cycle, indicating a performance difference between the top and bottom regions of the Ti-6Al-4 V
component fabricated by wire-arc DED.

© 2023 Published by Elsevier B.V.

1. Introduction

strongly complex shapes [4]. Until today, many alloy systems have
been successfully adopted in wire-arc DED processes on demand,

Wire-arc directed energy deposition (Wire-arc DED) has been
regarded as a practical and cost-effective processing method for
academic research and engineering applications [1-3]. It has dis-
tinctive advantages, including high deposition rate and materials
utilization, short production cycle, and lead time, as well as being
competent for fabricating large-scale metallic components with
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mainly including steels, aluminum alloys, nickel alloys, titanium
alloys, and various kinds of functionally gradient alloys such as Al-
Cu, Fe-Ni, Ni-Ti, and Fe-Al, etc. Ti-6Al-4 V is the most widely used
a + B type titanium alloy among the aforementioned structural al-
loys. Its superior comprehensive properties include low density,
lightweight, high fracture toughness, high heat resistance, high
specific strength ratio, high fatigue strength, high crack growth re-
sistance, and corrosion resistance [5-7]. Particularly, Ti-6Al-4 V has a
stable microstructure, high creep resistance up to 500 °C, and good
resistance to seawater and heat-resistant salt stress corrosion. Such
superior characteristics greatly support its application to fabricating
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long-term serving components in medium-temperature environ-
ments, for instance, rocket engine shells, aero-engine compressor
discs and blades, and more.

Many studies have focused on fabricating Ti-6Al-4 V components
using the wire-arc DED process. However, a common problem was
observed: multiple thermal cycles experienced during deposition
always cause unfavorable microstructure formation and distribution,
further leading to deterioration and anisotropy. For example, Zhou
et al. [8] found that thin walls would experience more thermals
above f transus temperature than thick walls, resulting in solid so-
lution hardening due to more alloying elements dissolved into B
phases. This means that the deposited metal will be affected by the
residence time and the cooling rate above the  transus temperature
when it undergoes subsequent thermal cycles, which further play a
role in the final microstructure so it needs to be considered in the
current study. Moreover, the temperature and number of subsequent
thermal cycles experienced by the deposited metal have an impact
on the uniformity (segregation) of the final element distribution,
which in turn affects the microstructure such as residue stabilized
content and mechanical properties of the component. For example,
G. Xian et al. [9] mentioned that the regions with more thermal
cycles below the p transus temperature were more likely filled with
o’ martensite and fine-secondary o with a tangled dislocation, which
was caused by more significant amounts of nitrogen accumulation.
Therefore, this region exhibited a larger tensile strength and mi-
crohardness, followed by severe mechanical anisotropy within the
final deposited component. Therefore, it is necessary and meaningful
to observe the changing of g content concerning thermal cycles. J.R.
Kennedy et al. [10] investigated the microstructure transition gra-
dients of Ti-5Al-5 V-5Mo-3Cr/Ti-6Al-4 V alloys and observed the
orientation of « laths near and far away from the interface. Dis-
tinctive thermal cycles change the state of prior p grains, such as
size, solid solution elements, dislocation density surrounding the
interface, etc. As a result, only 2/12 of preferred BOR orientations
[11] of o laths were selected at the interface. In contrast, the o var-
iants became more randomly distributed when the distance was far
from the interface. Under the premise of this finding, it is reasonable
to speculate that the orientation of the o phases during the de-
position of a single-bead wall of Ti-6Al-4 V will also be indirectly
changed by the influence of subsequent thermal cycles on its parent
phase B. So, the step-by-step characterization of the distribution of
a-phase orientation changes with thermal cycles is helpful to es-
tablish the relationship between different orientations and proper-
ties. In addition, as mentioned earlier, the excellent corrosion
resistance of titanium alloys increases its application range and
cases. However, there have been relatively few and unclear reports
on the corrosion resistance of Ti-6Al-4 V alloy manufactured by
additive manufacturing processes so far. Except for the micro-
structure evolution and the corresponding influence on mechanical
properties, various thermal cycles would also contribute to a change
in the corrosion resistance of Ti-6Al-4 V deposits—for example, L.Y.
Chen et al. [12] found that the corrosion resistance along the cross-
sectional plane (X-) perpendicular to the laser moving direction was
~20 % lower than the Y- and Z- planes. More artifact holes are in-
duced in the X-plane due to ununiform laser intensity distribution
between two neighboring printing lines. However, the zigzag scan-
ning strategy brought more heating (thermal cycles) in the Y- and Z-
planes, so the microstructure exhibited more dense morphology,
significantly improving the electrochemical resistance. Besides, B.
Wu et al. [13] also tested the corrosion resistance at different loca-
tions of the deposited Ti-6Al-4 V sample. The anisotropic corrosion
behavior was proved owing to the anisotropy in microstructure,
phase structure, grain size, and orientation. The difference origi-
nated from the different thermal histories to a certain degree, al-
though on the scope of a microscopic scale.
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It is undeniable that there have been many studies on the effect
of multiple thermal cycles on the microstructure and properties of
various additive-manufactured alloys. The previous studies typically
investigated different positions of the sample, such as the top,
middle, and bottom sections, to represent the result of different
thermal cycles. The drawback of such studies is that the character-
ization will be affected by the initial locations and states of micro-
structure at different positions. Therefore, not only can the phase
evolution not be reflected, but the comparison of the end-state
microstructure needs to be more intuitive. Moreover, the experi-
enced thermal cycle frequencies are unclear and hard to determine,
meaning that they would be easily affected by the extracted sample
position. Therefore, one aim of this study is to focus on revealing the
microstructure evolution mechanism at the exact location during
multiple thermal cycling of wire-arc DED process by step-by-step
characterization. Besides, even though a majority of studies have
summarized the effect of microstructure changes on corrosion re-
sistance, this is only valid when the phases which contribute to
properties change to a certain degree. In this study, although the
microstructure difference between the adjacent deposition layers is
visible on a micro-scale, it is not apparent or indistinguishable from
the different views of inter-layer corrosion resistance. Therefore, the
authors consider it more intuitive and accurate to study the accu-
mulation of corrosion performance changes before and after the
entire thermal cycle. The corrosion resistance was only characterized
before (AD state) and after the entire thermal cycle to reflect the
greatest anisotropy of the deposited component (commonly refers to
the final layer and the middle stable region according to different
thermal histories).

Moreover, for the applied components, the weakest location al-
ways needs to be concerned and prevented, generally referring to
the last deposited several layers in AM components. Since the mi-
crohardness of the sample surface is indented with multiple points
with a small load, local microstructure changes can be reflected in
the microhardness. Unlike corrosion resistance, step-by-step char-
acterization of microhardness is meaningful and adopted in this
study. Consequently, a numerical simulation was first used to create
a series of thermal cycle curves appointed as references for con-
sequent experiments. A Gleeble thermal-mechanical simulator was
applied to simulate the thermal cycles on the same as-deposited
(AD) sample according to the simulated values, mainly referring to
heating rate (HR), peak temperature (PT), and cooling rate (CR). The
microstructure and microhardness of the same targeted region in
the sample were studied after each thermal cycle. At last, the elec-
trochemistry corrosion resistance of the sample was investigated
before and after the entire thermal cycle.

2. Numerical simulation & experiments
2.1. Simulation of theoretical thermal cycle curve (TTCC)

In this study, reasonable theoretical thermal cycle curves were
obtained by the model built in a previously published paper [14] to
reference subsequent experiments. ABAQUS was used as a simula-
tion tool, and the effective simulation heat input was set up to be
1.52 kJ/mm.

2.2. Deposition of Ti-6Al-4V wall

In this study, a wrought Ti-6Al-4 V base plate of
380 x 100 x 30 mm> was used. Commercially available Ti-6Al-4 V
solid wires (3Dprint AM TI-5, Voestalpine Bohler Welding) with a
diameter of 1.2 mm were employed as the feedstock. The chemical
composition of wrought Ti-6Al-4 V base plate and used Ti-6Al-4 V
wire were listed in Table 1. The entire deposition process was con-
ducted in a closed chamber flashed with shielding gas supplied by



Z. Lin, C. Goulas, Y. Li et al.

Table 1
Chemical composition of the used materials.
Materials Al \" Fe C Ti
Ti-6Al-4 V wire used 55-6.76 % 3.5-45% <025% <0.08% Bal
Wrought Ti-6Al- 6.28 415 0.15 0.03 Bal.
4V base
Table 2
Deposition parameters.
Variables Parameters
Current 220 [A]
Voltage 16.1 [V]
Deposition speed 420 [mm/min]
Step up distance 4.5 [mm]
Shielding gas flow rate (30 % He, 70 % Ar) 22 [L/min]
Protective gas flow rate (99.999 % Ar) 150 [L/min]
Interlayer temperature 25 [°C]
Contact tip-to-work distance (CTWD) 1 [mm]
Wire stick-out distance 15 [mm)]

Deposition strategy
Polarity

Oscillation reciprocating path
Direct current, reversed polarity
(wire: positive, base: negative)
Super Active Wire Process
(modification of short-circuit)

Molten droplet transfer mode

Air Products. Shielding gas with the composition mixture of argon
and helium was provided through the GMAW torch nozzle. A cy-
lindrical tracing shielding device filled with 99.999 % pure argon gas
was fixed on the GMAW torch to protect the melt as it cools. The
deposition was carried out using a Panasonic robotic arm and a
power source integrated by Valk Welding. The software used for
designing the deposition tool path was Autodesk PowerMill (Auto-
desk B.V, Hoofddorp, The Netherlands). Process parameters and
other conditions were stored using the RAMLAB MaxQ system. The
torch was continuously positioned perpendicular to the workpiece
(PA position). An oscillation strategy was adopted to obtain wide
beads [15] and the deposition parameters used are summarized in
Table 2. After deposition of each layer, the wall was cooled within
the inert environment until the out surface was measured to be at
ambient temperature ~25 °C, and the contact tip-to-work distance
(CTWD) was kept to be around 1 mm higher during the whole de-
position process. Layer-by-layer reciprocating deposition strategy
was applied to ensure the uniform height of the wall. The experi-
mental conditions, such as heat input which is the most important,
are kept the same as the ones applied in the simulation process. The
cross-section of the deposited wall and the investigated sample
position are shown in Fig. 1.

Extracting a sample far from the base is preferable to eliminate
the influence of base materials composition on the thermal cycle
mechanism. Therefore, depositing a single-bead wall with multiple
layers and getting a sample from the final deposited layer (no ex-
perienced thermal cycles) was adopted as an effective method to
improve the result accuracy of the microstructural evaluation.
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\ WAAMed Ti-6AI-4V
/ Bar (clamp)

\WAAMed Ti-6AI-4V
/  Bar (clamp)

Fig. 2. Setup of TMS test: (a) physical map, (b) zoomed-in picture of the marked
section in (a).

2.3. Gleeble thermal-mechanical simulation (TMS) test

Based on the output theoretical thermal cycle curve and actual
deposition conditions, a Gleeble TMS test (Gleeble 3500-GTC with
the integration of high-temperature K type Thermocouple - 1300 °C)
was carried out to produce real thermal cycles on the investigated
sample. The clamps on both sides of the sample were obtained from
the deposited wall to get a closer thermal conductivity with the
deposition (thermal cycle) process. The sample was placed in the
isothermal zone, and the temperature difference along the directions
perpendicular to the sample was ignored. The temperature dis-
tribution of the entire sample was considered uniform and equal to
the set value of the central temperature-controlled thermocouple.
The observation surface of the sample was marked and kept in the
same orientation (forward) during each heating of the thermal cycle.
The setup of the TMS test can be seen in Fig. 2.

2.4. Characterization methods

The sample (5% 5x 5mm?) used for microstructural character-
ization was taken from the final deposited layer of the wall and
etched by a mixture solution of HF+HNO3+H,0 =1:6:47 for optical
microscopy (Keyence VHX-5000, Osaka, Japan). High-resolution
microstructural features were observed using a JEOL FEG-SEM |JSM
5600 F scanning electron microscope (SEM) with an electron back-
scattered diffraction detector (EBSD, Bruker). It is pointed out that
the same area of the same sample was observed multiple times by
OM, SEM, and EBSD techniques to more clearly reveal the phase
evolution. Therefore, the position of the trigeminal grain boundaries
with unique shapes and easy identification was first selected as the

As-deposited

Stable deposition zone with
thermal cycles effect

Stable deposition zone with base
dilution effect

Base

Deposition sequence

Fig. 1. Cross-section and investigated sample position of the Ti-6Al-4 V single-bead wall.
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Fig. 3. Thermal Cycle Curves: (a) TTCC, (b) RTCC-1st thermal cycle, (c) RTCC-2nd thermal cycle, (d) RTCC-3rd thermal cycle.

observation area. Then the distance between this observation area
and the four edges of the sample was calibrated. Vickers micro-
hardness (HVq s, with 0.025 kgf) was measured on the cross-section
of the sample using a Struers DuraScan-70 machine (Struers Inc.,
Cleveland, OH, USA). Multiple points were measured each time to
take an average value. Electrochemical measurements in this study
mainly contain Electrochemical impedance spectra (EIS) plus Tafel
and potentiodynamic polarizations, which were performed in 3.5 wt
% NaCl solutions at 25 + 1°C using a PARSTAT 4000 electrochemical
workstation with a three-electrode cell. The 3.5 wt % NaCl solution is
the typical electrolyte used for titanium alloy manufactured by wire-
arc DED process. All the potential measurements were carried out
regarding the saturated calomel electrode (SCE). A platinum sheet of
dimensions 1.5 cm x 1.5 cm was employed as the counter electrode.
Before EIS, Tafel, and potentiodynamic polarization tests, the sam-
ples were kept in the solution for sufficient time to attain a stable
OCP. EIS was performed in the frequency range of 0.01 Hz - 100 kHz
with an amplitude of 10 mV. The Tafel polarization measurements
were performed in the potential range of -1V to +2V at a scan rate
of 5mV/s in 3.5wt % NaCl solution. Since all microstructure char-
acterization and hardness tests were performed on the same sample,
each test consumed a certain thickness of the sample, especially
each EBSD and corrosion resistance test consumed too much sample
thickness, as well as the total thickness of the sample (layer height)
was small. Therefore, apart from considering the accumulation of
corrosion performance changes to be easily observed, aiming to
ensure that the samples were sufficient to meet as many tests as
possible, the corrosion resistance tests of 1st TC and 2nd TC were not
carried out. Each electrochemistry corrosion test was performed

three times on the same surface of the sample to confirm its re-
producibility.

3. Results & discussion
3.1. Thermal cycle curve (TCC)

The Theoretical Thermal Cycle Curve (TTCC) output from ABAQUS
and Real Thermal Cycle Curve (RTCC) formed from thermal-me-
chanical simulation (TMS) are shown in Fig. 3. Under this experi-
mental condition, the as-deposited (AD) material first undergoes
remelting. However, the solid-liquid transition during the remelting
process does not belong to the category of thermal cycling, so it is not
considered at this moment. Also, the remelted material can still be
regarded as an AD state and experience the consequent thermal cy-
cles. As mentioned above, the Ti-6Al-4V alloy can serve up to 500 °C,
which means that the microstructure is relatively stable and hard to
transform below 500 °C. Therefore, in this study, the thermal cycles
above 500 °C play a significant role in the microstructure evolution.
Three typical temperatures, including 1258 °C (1st TC), 840°C (2nd
TC), and 628 °C (3rd TC), respectively, located in the entire p region,
a+ B high-temperature region, and a + p low-temperature region were
determined for thermal cycle experiment as shown in Fig. 3(a). Be-
sides, Fig. 3(b)-(d) shows the thermal cycles of the sample. The
Gleeble TMS performs the real heating and cooling process according
to the simulation results (Fig. 3(a)). In general, it can be found that the
output results of peak temperature, heating, and cooling rate are
highly similar to the simulation results since the minor error range of
peak temperature is within + 20 °C. Apart from that, the cooling rate
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\,‘ 525°C/s

Fig. 4. « formation under different cooling rates [17].

decreases as the sample temperature drops down, and the average
cooling rate above 500 °Cof the whole thermal cycle also becomes
slower and slower (AD: 63.2 °C/s, 1st TC: 33.2°C/s, 2nd TC: 18.3 °C/s,
3rd TC: 9.5 °C/s) as the progress of thermal deposition cycles, which is
owing to lack of air convection. With more and more layers deposited,
the peak temperature became lower because the sample became far
from the heat source. It is worth mentioning that the formation of
different kinds of « is involved in the cooling process, as shown in
Fig. 4 [16]. So, the instantaneous cooling rate around f transus (950 °C

(@)

AGIl'Path

yoastabaibod

AGI-Path o™ T

(c)

1000um
—

1000um
[SS—

Journal of Alloys and Compounds 947 (2023) 169614

in this study) is vital and calculated to be AD: 85.1 °C/s, 1st TC: 46.3 °C/
s. The fasted cooling rates of the 2nd and 3rd TC are 19.7 °C/s and
10.5 °C/s, respectively.

3.2. Microstructure characterization

3.2.1. Prior p grains

The prior B grains formed during the solidification process of
deposition and occurred variation during the subsequent thermal
cycles. The corresponding p grains at different stages during the
whole thermal cycle are shown in Fig. 5. From the overall view of the
GBs distribution, the shape of p grains did not change significantly.
However, it is apparent that some GBs still experienced certain de-
grees of migration, which can be proved especially from the marked
area and the GBs. The marked area and GBs moved to different
distances after separate thermal cycles, mainly related to two fac-
tors: i) Re-heating temperature. Higher temperature is more con-
ducive to contributing to the migration energy of GB atoms, thereby
increasing the moving distance of GBs. In this case, minor residual g
nuclei will grow directly at high temperature, followed by meeting
and merging with the previous g grains to form a new grain with
different GB outlines; ii) Degree of a—f transformation. For each
thermal cycle, different amounts of a phases transformed into B
during the heating process, while some p phases kept not trans-
formed to o and became retained p during the cooling process. As
mentioned earlier, « phases nearing the GBs are more likely to
transform at first. So, these o phases can form p phases and then
prioritize contributing to the expansion of original p grains with the
same orientation. The schematics of these two cases are shown in
Fig. 6 respectively. Since the peak temperature and the degree of a—
B transformation of the 1st TC are significantly higher than those of

(b)

'
AGI Path:
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Fig. 5. Prior B grains at different states: (a) AD, (b) 1st TC, (c¢) 2nd TC, (d) 3rd TC.
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Prior B GB

Initial state Intermediate state

(a) Initial state Intermediate state Intermediate state End state
Prior g GB
Heating Cooling, New B GB
Residual g nuclei Growth of B nuclei Merge of B
( b) End state

Partial a—f transformation

Untransformed
a colony

New B GB
Complete a—f transformation

End state

Fig. 6. Schematic of prior p GBs migration: (a) case (i) - GBs movement caused by high re-heating temperature, (b) case (ii) - newly formed GBs outline due to a—f transformation.

the other two thermal cycles, the GBs migration distance is the
largest among them. In addition, the grain size of the sample after
each thermal cycle was measured to be ~1.57/mm using the Average
Grain Intercept (AGI) method (paths in Fig. 5), and the average area
of each p grain after each thermal cycle is calculated to be ~1.6 mm?
using Image] software, indicating that there is no significant change
in the average size of prior p grains. However, due to the subsequent
observation of a phases at higher magnifications in the marked
areas, the effect of parent p grains size on the derived a phases must
be considered [18,19]. Therefore, the area variation of specific p
grains (p1) was measured after each thermal cycle with Image ]
software. From the grain outlines drawn in Fig. 5, the area of 1 grain
showed a gradually decreasing trend, resulting in AD: 1.68 mm?, 1st
TC: 1.04 mm?, 2nd TC: 0.54 mm?, 3rd TC: 0.37 mm?. This means that
the size of the oy, colony inside the g grains also shows a decreasing
trend [20].

3.2.2. Massive a (ay,)

This study mainly involves two types of a phases, including o,
and GB a. GB o normally nucleates at grain boundaries (GBs), grows,
and distributes along GBs. o, refers to the o lath that nucleates at
GBs or GB o and then grows into the grain to form « colonies. Since
GB « is too small and in close contact with o, which is hard to be
distinguished in low magnification, SEM graphs are mainly used to
deduce the evolution history of ay,. Fig. 7 shows the high-magnifi-
cation SEM morphology of the red rectangular area in Fig. 5 after
each thermal cycle. Fig. 7(a)-(d) shows the cross GBs of the three
prior p grains for each state, which is used to precisely target the P1
position at high magnification. From the overall view of these
graphs, no apparent features of the o/a’ martensite phase are pre-
sent, such as the morphology of blocky colonies formed with fine
acicular o laths [21]. Fig. 7(e)-(h) represents the high-resolution
graphs of the P1 position. It can be seen that oy, colonies with dif-
ferent distribution orientations formed at different GBs after de-
position. To demonstrate the orientation change of o, after different
thermal cycles, IPF maps and the corresponding high magnification
pole projection for the targeted area (ay,1) at the GB1 location were
compared in Fig. 8.

The 1st TC is the complete transformation of a—f because the
peak temperature (1249 °C) is far higher than p transus. As men-
tioned above, GB migration results in the shrinkage of p1 grains. This
implies the transition of the p orientation in the vicinity of the p1 GB
to the orientation of the expanded f grains (upper grains). This
caused the generated o to be different from the previous one during
cooling and was also the reason for the reduction of the oy, colony.
Once again, due to the complete transformation of «, although the
morphology of the remaining a,; colony looks similar to the pre-
vious state (Fig. 7(e)) from the SEM graphs, it was found that the
orientation of o;,; has been changed. When compared to the or-
ientation with [-2 8 -6 —1] parallel to the macroscopic X, in Fig. 8(a),
a similar orientation with [-3 10 -7 -1] that has a misorientation
angle of 3.4° is generated after the high-temperature thermal cycle
(1st TC) as shown by the circle in Fig. 8(b). Besides, new orientations
such as [-4 9 -5 -18], [-8 17 -9 -22], and so on parallel to the Xq
appear in Fig. 8(b) as well, indicating the orientation diversity of the
latest formed a;, laths. The shrinkage of p1 grains also makes it ea-
sier for ay, generated on different GBs to collide, meaning that oy,
has suffered growth inhibition from the o3 originated at other GBs
such as GB3. Due to the lower cooling rate and relatively long re-
sidence time of the microstructure at the high temperature during
the 1st TC, a laths were significantly broadened, increasing from
~1pm (AD) to ~1.5pum (1st TC) on average width.

The microstructure after the 2nd TC is similar to that of the 1st TC
because only partial o transformed to g. It can be deduced from some
regions (white circles in Fig. 7) that the a—p—« transformation has
occurred due to the significantly different o arrangement when
compared to the first state. Apart from the white circle regions, some
a—p transformations in other regions indeed lead to a decrease in
the spacing between « laths, the disappearance of some secondary «
laths (orange dashed circle), and the coverage of the a;,; region.
However, for the regular and densely distributed oy,; colony, the
SEM looks similar to the previous state (1st TC). The dominant or-
ientation with [-2 6 -4 —1] parallel to the Xq in Fig. 8(c) has a slight
misorientation angle of 4.5° with the orientation of [-3 10 -7 -1] in
Fig. 8(b). Therefore, it can be preliminary deduced that the entire o,
laths near GB1 experienced a—f transformation during the 2nd TC
due to the disappearance of orientation diversity and no orientation
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Low magnification

Fig. 7. SEM graphs of ay, grains at different states: (a), (e) AD, (b), (f) 1st TC, (c), (g) 2nd TC, (d), (h) 3rd TC.

same as previous ones. However, the slight misorientation angle
difference between [-3 10 -7 -1] and [-2 6 -4 -1] parallel to the Xq
means that these newly formed ay,; laths still have a similar or-
ientation as the one before experiencing the 2nd thermal cycle.
Additionally, the average thickness of o laths in this region was re-
duced to ~1.2 um compared with that of 1st TC.

Compared with the microstructure of the 2nd TC, the am laths
nearing GB become more dense and continuous after the 3rd TC.
Since the peak temperature of this thermal cycle (630 °C) is much
lower than the B transus (950°C), only a small amount of a has
undergone a—p transformation, and most of the untransformed o
phases mainly experience grain growth process. This can be revealed
from the comparison of Fig. 8(c), (d), referring that the « orientation
of the entire region is almost unchanged. Opposing growth and
meeting of dispersed short o laths results in many long and con-
tinuous o laths, shown in Fig. 7(g), (h). In addition, the previous

remaining oy, located around the GB1 disappeared in the scope,
representing the reduction of oy,. Therefore, the bottom part of the
amp region was sure to have transformed during the 3rd TC. This is
because this part of the ay,; colony is the region in contact with «
phases equipping other orientations, which has lattice distortion,
further resulting in higher unstable energy and easy for a—p trans-
formation. When cooling again, two conditions may exist: a) After p
transformation, the o growing from other regions (such as the oy, of
GB3 below) occupies this area so that new « lath cannot form again.
b) New o were generated during the cooling process. Moreover,
these a laths have the same orientation as oy, further leading to the
merge of « grains after growing. For the remaining part of a1, it can
be deduced that there was no occurrence of a—p transformation,
which can be proved from the same pole direction as the second
state is shown in Fig. 8(d). As the cooling progresses, these a phases
interlace with the o phases from other regions to form the fine



Z. Lin, C. Goulas, Y. Li et al.

(0001) (01-10)

(-12-10)

(0001) (01-10)

(-12-10)

Journal of Alloys and Compounds 947 (2023) 169614

(0001) (01-10)

Xo

(-12-10)

(01-10)

(-12-10)

Fig. 8. IPF in Z, direction of the sample surface at different states: (a) AD, (b) 1st TC, 2nd TC, 3rd TC. (Pole points of the dashed line area at the different states, indices calculated by

CaRlIne Crystallography 3.1).

basketweave structure. The width of single a lath almost remains
constant (1.1-1.2 pm) owing to low heating temperature and short
dwell time at relatively high temperatures (> 500 °C).

Overall, after the three thermal cycles, o, generated at the GB1
was gradually occupied by « laths originating from other regions.
This was caused by the expansion of adjacent prior p grains and
contributed by the competitive growth [22] of other GB «,; inside the
same B grains. The average size of o, phases was significantly
broadened and occurred orientation diversification after experien-
cing a high-temperature thermal cycle (1st TC). When undergoing
partial a—f transformation, since the peak temperature of the 2nd
TC was still high, the proportion of transformed o was relatively

large. This means that the newly formed o laths account for a major
part, resulting in a decreased « width. Besides, the entire am near
the GB1 took place a—f transformation, while newly formed o laths
remain in a consistent orientation and similar to one of the or-
ientations that existed before. However, for the low-temperature
thermal cycle (3rd TC), partially retained oy, colony at and nearing
GB1 did not undergo a—f transformation but some a,, located at the
orientation transition border transformed. This shows that the de-
crease in thermal cycle temperature can no longer contribute to the
instability of the GB to induce phase transformation. However, the
lattice distortion energy between different orientations can still
provide sufficient energy. This transformed o became the same

(Mo

57°

64°

26°

35°

GB3 GB3

100um
—

Fig. 9. Misorientation of o grains near the GBs at different states: (a), (e) AD, (b), (f) 1st TC, (c), (g) 2nd TC, (d), (h) 3rd TC.
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* dg colonies with more
orientations
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* d,, colonies with same
orientations
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continuous a laths
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+ Fine basket weave structure

+ a lath width remains same

Fig. 10. The overall a phases evolution of the entire thermal cycle: (a) AD, (b) 1st TC, (c) 2nd TC, (d) 3rd TC.
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Fig. 11. Phase map of different states.

orientation as the surrounding o, which is far from GB1, causing a
significant increase in length, even though the average width re-
mains unchanged.

3.2.3. Grain boundary a (GB a)

Fig. 9 shows the Misorientation (MO) of o phases in different
states near the GB1 and GB3. Firstly, the blank areas near GB1 and
GB3 refer to the previous a, colony, which intuitively shows a de-
creasing trend with the progress of thermal cycles. This effectively
verifies the previous conclusion obtained in the 3.3.2 section. The
misorientation of the majority of o laths is between 57° and 64°,
which is consistent with the conclusions obtained by previous stu-
dies [23,24]. It is worth pointing out that the GB « growing on the
GB3 shows misorientation between 26° and 35°, which does not
belong to the range of the five o orientation relationship [23]. This is

Table 3
Phase transformation of the entire thermal cycle.

Processes  Phases at the Transformation Phases at the
start state end state
AD Liquid Liquid - B — am Om
Liquid - p —» GB « Retained p
1st TC am Complete oy — B = oy GB «a
GB a Complete GB o > p — Basket weave
GB «
2nd TC Om Complete (Later): oy, —
GB B
3rd TC Om Complete/partial GB «
Retained f =B
GB B— GBa

p— om

because angle ranges were determined based on the « phases
coming from different p grains instead of the same parent .

Additionally, the degree of continuity of GB o has an essential
impact on mechanical properties such as microhardness and tensile
strength [25]. It can be found that the continuity of GB « in both AD
and 1st TC states is significantly worse than that of 2nd TC and 3rd
TC. This is because the GB « of the first two states formed at rela-
tively low temperatures (~600 °C), in which case that there are al-
ready many o, generated from GBs, GB a can only form by the
interspersed way between o laths. The difference is that GB « is
prioritized for the last two thermal cycles, which can preferentially
grow along the GBs to achieve a continuous structure. So far, the
overall « phase evolution of the entire thermal cycle is summarized
in Fig. 10. With this to point out that the ay; laths in Fig. 10(a),
Fig. 10(b)-orange, and Fig. 10(c),(d) are considered to have similar
orientations due to their insignificant misorientation angles are 3.4°
as mentioned above and 4.5°respectively.

3.2.4. Summary of phase evolution

Based on the typical cooling rates calculated above (Section 3.1)
and combined with the peak temperatures of thermal cycles, the
critical cooling rate for phase formation shown in Fig. 4, as well as
the microstructural characterization (Section 3.2), the phase evolu-
tion throughout the whole thermal cycles can be reproduced. Firstly,
the 1st TC is related to the complete transformation of «, while the
2nd TC and 3rd TC refer to the partial a—p transformation because of
the peak temperatures lower than g transus. It can be judged that
there is no a/o’ martensitic formation for the entire thermal cycle
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Half width:10°
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Cluster size:3°

Exp. densities (mud):
Min=0.00, Max=18.99

475
9.43
142

X0

because the cooling rate is far smaller than 410°C/s. The in-
stantaneous and average cooling rates (> 500 °C) of AD and 1st TC are
much larger than 20°C/s near and even far beneath the p transus.
This means that most « phases directly nucleated based on the grain
boundaries (GB) and grew to be massive a (o). As the cooling rate
kept decreasing with cooling progress, the GB a (shell [22]) started
to form when the cooling rate was just below 20 °C/s (around 600 °C
for deposition and 1st TC). Because the peak temperature of the 2nd
TC is high, most of oy, still took place a—p transformation. Moreover,
due to the high energy and more defects accumulated at the GB, «
phases surrounding GBs are more unstable and easy to transform,
which can be revealed by the abovementioned EBSD. Besides, owing
to the fastest cooling rate, just below 20°C/s near the peak tem-
perature for the 2nd TC, the GB « layer formed first, which is dif-
ferent from the deposition and 1st TC processes. With the progress
of cooling, long parallel o, started to form at the root of the GB «
layer. Compared with the 2nd TC, on the one hand, the instantaneous
and average cooling rates of the 3rd TC and the peak temperature
were significantly reduced. On the other hand, T. Ahmed [17] re-
ported that the initial formation temperature of o, will be higher
than g transus with the cooling rate decreases. This means that the
stability of oy, was improved as well. Therefore, most ay, has an
unfavorable potential to proceed with a—f transformation. For each
thermal cycle, with the temperature cooled down and the cooling
rate decreased further and further, a,, also grew into the grain center
and formed the basket weave structure. In addition, multiple
thermal cycles and slow cooling rates also promote elemental dif-
fusion effects, causing regional segregation of § stabilizer elements,
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Fig. 12. Pole figure of the sample at different states: (a) AD, (b) 1st TC, (b) 2nd TC, (3) 3rd TC.

leading to more retained p, as shown in Fig. 11. In general, the phase
transformation of the entire thermal cycle is summarized in Table 3.

3.2.5. Anisotropy

In this study, the {0001} lattice plane family was used as a re-
ference to show the anisotropy of the samples. Theoretically, if
various o variants are formed and distributed uniformly, then the
intensity distribution of the {0001} planes should be uniform also,
and the intensity ratio of the poles should be 1. If the strongest-to-
weakest pole ratio is greater than 1, there are cases of o variant se-
lection. This selection tendency became more severe as the ratio
increased. Although using the characterization results of such a
small sample to represent the entire printed wall was highly pos-
sible to have some deviations, there is still necessary to proceed and
show a general changing trend. Thus, the pole figure shown in Fig. 12
calculated that the maximum/minimum pole intensity ratio was
4.99, 5, 2.99, and 3.00.

Furthermore, the maximum multiples of uniform distribution
(MUD) values of a phases at AD and 1st TC states are significantly
larger than 2nd TC and 3rd TC. This indicates that the deposition
process and high-temperature thermal cycling of complete B trans-
formation resulted in a strong preferred orientation for o variants.
After the high-temperature partial transformation (1st TC), most of
the « variants reformed with different orientations. This can be at-
tributed to the cooling rate significantly reducing the preferred or-
ientation [26]. However, during the low-temperature partial
transformation (2nd TC), most « laths did not transform. Even the
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Fig. 13. Microhardness in different states.

transformed o will follow the nearby o orientation, so the preferred
orientation was almost unchanged.

3.3. Microhardness

The microhardness of the samples after each thermal cycle was
measured. Multiple points were randomly taken on the targeted
region periphery of the sample (surrounding the g1 grains), and the
average value was taken as the microhardness of the whole sample.
The final result is shown in Fig. 13. It can be found that the micro-
hardness after the 1st TC significantly decreased from 318.78 + 7.5
HV to 285.17 + 5.3 HV. As mentioned in IPF (Figs. 8(a) and 8(b)), a
significant change of 1st TC is the orientation diversity of massive «
formed at GB, which is favorable for the area reduction of a colony
and increases the microhardness [27]. However, the constant max-
imum/minimum pole intensity ratio (5 and 4.9 in Figs. 12(a) and
12(b)) indicated that such local orientation diversity did not play a
role for the entire sample after the 1st TC, which seems owing to
more formation of o colony with a same orientation at other loca-
tions (inner grain). In this case, the broadening effect of « laths (grain
coarsening effect) became the main factor contributing to the mi-
crohardness instead of the area reduction of a colony caused by local
orientation diversity.

After the 2nd TC, the orientation diversity of massive o formed at
GB was eliminated as shown in Figs. 8(b) and 8(c), so that « lath
colonies with the preferred orientation (-2 6 -4-1) formed at GB.
Besides, there are also many « lath colonies with different orienta-
tions formed inside grains (Fig. 8(c)). Such a colonies normally
contribute to the decrease of microhardness but the degree is de-
pended on the size of the colony. Besides, based on the previous
report about GB «, continuous GB « results in severe dislocations
pile-up around the prior p GBs, which induces significant stress
concentration and increases the density of nucleation sites of the
micro-voids. Then the micro-void coalescence leads to the crack.
This is why the higher microhardness and yield strength of con-
tinuous GB « [28]. Therefore, after 2nd TC, GB « transforms from a
discontinuous to a continuous state (Fig. 9) as well as a reduced
average width of o laths, improved microhardness to 302.06 + 5.9
HV. It can be known that the formation of o colonies (<5 pm) with
the same orientation inside the grains has a limited effect on mi-
crohardness.

After the 3rd TC, « laths inside the grain became longer and more
continuous, thus hindering the propagation of cracks more effec-
tively. In addition, the area of the ay, colony with the orientation (-2
6-4-1) decreased from ~2368 pm? to ~978 pm? which was revealed
by Figs. 8(c) and 8(d), further increasing microhardness. Thus,
thermal cycles created a gradient variation of the microhardness and
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possible tensile strength between layers. This is mainly reflected in
the middle section, which refers to the stable deposition with the
same effective thermal cycles. The top section refers to fewer and
fewer thermal cycles with layer increases of the components. The
position with the worst performance occurs in the top penultimate
deposited layer that has merely experienced once complete B
transformation rather than other top layers. The rest regions of the
sample are considered to be the stable deposition zone that ex-
perienced three effective thermal cycles, showing the highest mi-
crohardness of 330.5 + 6.4 HV.

3.4. Corrosion resistance

Electrochemical corrosion resistance is an essential characteristic
of titanium alloys fabricated by the wire-arc DED process. Many
variants can be used to characterize this performance, such as cor-
rosion potential (Ecor), Which evaluates the activation difficulty of
corrosion reaction at the initial state, corrosion current density (icorr)
which reflects the velocity of corrosion reaction rate and the current
of passive state (ipass) Which mainly decides the difficulty of oxida-
tion reaction at the stable state and the resistance of the sample
[29,30]. Therefore, this study mainly investigated the changes of
these four variables in the initial (AD) state and the final state (after
the entire thermal cycle), which are revealed in Fig. 14. Based on the
Electrochemical polarization Tafel curves shown in Fig. 14(a) and the
corrosion parameters listed in Table 4, we can see that the Ecorr, icorn
and ip,ss significantly increased when the sample experienced the
entire thermal cycle. This means that the corrosion resistance be-
came deteriorated. The corrosion activation in the initial state be-
comes more straightforward, and the corrosion rate at the stable
(passive) state becomes faster, which leads to a shorter corrosion life
[12]. During the corrosion process, the formation of an oxidation
passive film can be observed, which was revealed by the temporarily
decreased current on Tafel curves (some fluctuations). The formed
passive film on the surface including a thin oxide layer or passivi-
zation compound would protect the inner alloy and temporarily
prevent the corrosion process to a certain degree. However, with the
corrosion potential increasing, the passive film will be broken,
causing further corrosion of the internal alloy and the corrosion rate
rising again. After a few more cycles, the sample corrosion reached a
passive state and performed a stable corrosion rate. For the sample
that experienced the entire thermal cycle, the more significant cur-
rent variation caused by oxide film formation and breaking is at-
tributed to the larger thickness of oxide film due to worse corrosion
resistance (higher corrosion current peak). The thicker oxide film, in
turn, brought a better protection effect to internal alloys (lower
corrosion current valley). In addition, the general electrochemical
impedance method, Electrochemical impedance spectra (EIS), was
performed. The simulation results were obtained from the designed
equivalent circuit (Fig. 14(d)) using ZView 4 software, and the ex-
perimental results have acquired good fitting. It adopted the Nyquist
and Bode plot to evaluate the polarization resistance (Rp,) [31]. The
larger arc radius of the curve in the Nyquist plot represents a greater
Ry, and the ability of corrosion resistance is better [32].

As a result, a decrease of R,, from 14.23 kQ-cm? to 7.80 kQ-cm? is
considered to be the indispensable factor for the weakened corro-
sion resistance of the sample. As mentioned above, the change in the
microstructure is a possible reason for further R, variation and
corrosion resistance degeneration. First, the broadening of « lath
after the entire thermal cycle is one of the main reasons for the
decrease in corrosion resistance [33]. Besides, even though some
studies have pointed out that the increase of p phase content helps
to improve corrosion resistance [34], the influence of increased p
phase content in this study is insignificant. Conversely, the increased
B phase makes alloying element segregation more severe, resulting
in the significant galvanic effect between o and f phases to
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Fig. 14. Results of Electrochemical corrosion test: (a) Electrochemical polarization

Table 4
Corrosion parameters of the Ti-6Al-4V sample manufactured by wire-arc DED
process.

States Ecorr (V) icorr (A/cm?) ipass (Afcm?) R, (kQ-cm?)
AD -0.30 0.86x1077 6.57x1073 14.23
3rd TC -0.46 0.73x1078 5.75x 1072 7.80

accelerate the corrosion process. Therefore, the analysis of the above
results shows that the Ti-6Al-4 V components fabricated by wire-arc
DED process have non-uniformity in corrosion resistance along the
deposition direction. Multiple thermal cycles decrease corrosion
resistance, resulting in the performance difference between the
sample top (thermal cycle gradient) and bottom regions (same
thermal cycles).

4. Conclusions

This study investigated the effect of multiple thermal cycles on
Ti-6Al-4 V deposits fabricated by wire-arc DED process with the help
of Gleeble TMS, a numerical simulation model, and Ti-6Al-4 V single-
bead wall deposition. The main conclusions are summarized as
follows:

(1) With the assistance of the Gleeble TMS test, the thermal cycles
that occur during the wire-arc DED process were successfully
simulated. The good feasibility of using Gleeble TMS to effi-
ciently and intuitively explore the thermal cycle effect was
shown in this work.
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(2) Some prior B GBs migrate significantly during the high-tem-
perature thermal cycle (1st TC-1249 °C), but the overall average
grain shape and size remain unchanged. The content of retained
p increased with the thermal cycles.

(3) oy colony nearing GBs was occupied, and partially disappeared
owing to a comprehensive effect of competitive growth, com-
plete/incomplete a—p transformations, and p GBs migration. The
broadening effect happened on «,, laths after the entire thermal
cycle. Due to lower formation temperature, the GB a became
more continuous with the thermal cycles progressing.

(4) Thermal cycles at low- and medium- temperatures (partial a—p
transformation) ease the microstructure anisotropy produced by
deposition and high-temperature (complete a—p transforma-
tion) thermal cycle.

(5) After the entire thermal cycle, the microhardness increased from
318.78 + 7.5 HV to 330.5 + 6.4 HV. However, the microhardness
after the high-temperature thermal cycle dropped sharply to
285.17 £ 5.3 HV, mainly due to the grain coarsening.

(6) The corrosion resistance of the samples decreased after the en-
tire thermal cycle, indicating a performance difference between
the top (thermal cycle gradient) and bottom regions (same
thermal cycles).
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