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ARTICLE INFO ABSTRACT

Handling editor: L. Murr Wire and arc additive manufacturing (WAAM) has been developed to be a highly efficient technique for making
large Ti-alloy products. However, the deposition of metal by this method causes coarse texture, which limits its
application. To address this, the study utilizes a wire and pulsed arc additive manufacturing (WPAAM) process
for making TA15 alloy. Compared with the WAAM method, this WPAAM method inducts several current/
voltage-impulse cycles under different pulse frequencies, which makes grains tiny and improves tensile
strength. The study then uses a VOF model to discuss the effect of impulse cycles on the solidification process.
The findings suggested that the impulse cycles deform the molten pool and influence the vibration in the solid/
liquid interface. This makes the coarse columnar grains tiny and forms diminutive « laths. This paper further
discusses the correlation between the microstructure and the mechanical properties. The results show that the
CBGs and the « laths play a joint contribution to yield strength in the WAAMed TA15 alloy. This study provides a
reference for optimizing the microstructure of WAAM titanium alloys by adjusting pulse frequencies and pro-
vides a theoretical basis for strengthening WAAMed Ti-alloy.
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1. Introduction

Titanium alloys (Ti-Alloys) have been widely used in various fields
and industrial clusters, particularly in aeronautical and aerospace in-
dustries. However, the limited processability restricts its utilization.
Specifically, the parts and components in aeronautical and aerospace
industries are predominantly thin-wall structures to meet weight
reduction requirements [1]. As a result, nearly 80% of the materials are
cut off during machining, resulting in significant waste [2]. To address
this issue, wire and arc additive manufacturing (WAAM) technology was
proposed and developed as an efficient method for making Ti-alloy
products [3]. Recent reports have highlighted and recommended using
WAAM technology to manufacture large metallic components [4-6],
particularly in the aeronautical and aerospace industries.

Foremost among the merits inherent to WAAM is its commendable
high-deposition rate. This is predicated upon a substantial heat input
requisite for the wire’s melting. However, the augmentation in heat
input inevitably precipitates a notable accumulation of thermal energy.
This heat accumulation, in turn, produces a proclivity for

microstructural coarsening [3,7]. From the prior articles, the printed
Ti-alloy components exhibit strong solidification textures characterized
by the large columnar § grains (CBGs) [8]. These coarse textures
significantly affect the mechanical properties of the parts.

Certain works [9-12] point out that the grain size experiences a
profound influence from the solidification conditions inherent in the
manufacturing process, notably dictated by the thermal gradient (G) to
the growth rate (R) ratio, commonly referred to as the G/R ratio. As a
result, the larger the G/R ratio, the coarser grains will be produced
[13-15]. In tandem with this, some scholars tried to use a specific
amount of heterogeneous nucleation particles like silicon, LapO3, and
TiC [16-18] to increase the growth rate (R). However, the alloy’s
modification can influence its holistic performance, which remains an
unresolved aspect and is awaiting further scrutiny and determination.

In terms of the thermal gradient (G), many researchers use Cold
metal transfer (CMT) technology to reduce the heat input [19,20]. The
principle of the traditional WAAM is shown in Fig. 1(a). Initially, the arc
is ignited upon contact between the wire and the substrate, followed by
controlled withdrawal of the wire to establish a stable arc. During this
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period, the current and voltage are increased rapidly and maintained in
a certain level to sustain the arc. As the molten droplet gradually grows
with the wire feed, it eventually contacts the substrate, forming a liquid
bridge transition. Subsequently, upon wire withdrawal, there is an
abrupt drop in current and voltage, marking the initiation of the next
phase of the process. In the CMT process, the arc sustains a high heat
input specifically during the droplet transition period, contrasting with
lower heat input levels during other stages. This deliberate modulation
serves to minimize the energy expended during the whole process.
Although the CMT method can reduce the heat input compared to other
arc additive methods [21], the heat input is still very high. The WAAMed
parameters, such as current and voltage, can only be adjusted within a
certain range. Otherwise, the AM process won’t be stable. Thus,
reducing the thermal gradient G in the magnitude order is technically
difficult by regulating the WAAMed parameters.

Many scholars have used wire and pulsed arc additive manufacturing
(WPAAM) to reduce the size of grains and have achieved good results in
refining grains. This technology integrates pulse welding with the
traditional WAAM process, incorporating multiple current/voltage-
impulse cycles within a single CMT period, as depicted in Fig. 1(b).
These impulse cycles make the current and voltage into an instantaneous
high level, which introducing wire necking and facilitating the detach-
ment of droplets from the wire. Consequently, the droplets descend from
a certain distance onto the substrate, inducing impact in the molten
pool, generating co-vibration to refine the grains. Zhuan et al. [22] use
WPAAM to refine the grains in 2319 aluminum alloy and get good
mechanical properties. Wang et al. [23] use WPAAM to achieve grain
refinement and strengthen the deposited metal of 304 stainless steel
welds. Zhang et al. [24] compare different arc modes in 5A06 alloy and
find impulse cycles can refine the grains and improve the mechanical
properties. However, few studies have been conducted on the micro-
structure and properties of titanium alloys using WPAAM technology.
The effect of pulse frequency on the solidification process has rarely
been studied.

This work aims to evaluate the efficacy of the wire and pulsed arc
additive manufacturing process in refining the aforementioned CBGs in
Ti-alloy. By changing the pulse frequency, the microstructure of the
deposited metal under different parameters was obtained, and the cor-
responding mechanical properties were also tested. A volume of fluid
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(VOF) model is used to explain the mechanism of impulse cycles in the
solidification process. Then, the correlation between microstructure and
mechanical properties is built. With these research outcomes, this
technology provides a new method for controlling the microstructure of
WAAMed titanium alloy and provides a theoretical explanation for the
strengthening mechanism between microstructure and mechanical
properties.

2. Experiments
2.1. Materials and manufacturing process

For this study, a TA15 base plate (Huitongyi Group, Shanxi, China) is
chosen for the experiment, with dimensions of 240 mm length, 180 mm
width, and 14 mm thickness. The wire material is TA15 (Baotai Group,
Shanxi, China), with a diameter of 1.2 mm. The chemical compositions
of the wire and plate are presented in Table 1. Before the experiment, the
base plates were mechanically grinded and polished to eliminate oxide
films on the surface and then cleaned with acetone to remove oil or
grease.

The experimental setup employed in this study was presented in
Fig. 2. It comprised a 6-DOF KR30-HR robot from KUKA and a TPS 4000i
CMT welding supply by Fronius. A welding tail was established to build
a protective atmosphere that prevented oxidation during the process.
The pure argon (99.99%) gas flow rate in the welding gun and the
welding tail was maintained at 15.0 L/min and 25.0 L/min, respectively.
Other corresponding parameters used in the experiments are shown in
Table 2. Current and voltage waveforms in the WAAM process were
acquired using a Fronius 0805 CMT expert base, specifically under
expert program number DB 01-2023. The WPAAM program was derived
from this expert base, incorporated with various pulsed circles under
different F,, and rewritten into the CMT period.

During the experiment, an electrical signal acquisition system
comprising a current sensor and a voltage sensor was utilized to capture
the current and arc voltage at a sampling rate of 50 kHz.
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Table 1
The main chemical composition of the wire and substrate (mass fraction, %).
Al Mo \4 Zr o C N H Ti
Wire 6.5 1 0.95 1.05 0.002 0.003 0.017 0.002 Bal.
Base plate 6.53 1 1.07 1 0.06 0.02 0.015 0.012 Bal.
CMT welding power
Z} Real-time current and voltage curve
I
1 CMT CMT+80Hz !
1 — — |
| Voltage Voltage ]
1 ol o I
y 1 200 | 0 > }
Current Voltage i
sensor semsor B
f |
: Y Yy I
. Arcgun I Bl "L
/ 1 !
g Welding tail 1 1
1 CMT+50Hz CMT+110Hz :
Current | Voes Vo "
signal : - 0 1
< g }
———— ; 5
Voltagd § g 0 :
vofhy LLLLL — 00 1
1 v Y “L 4 \ . y L _J Y |
Substrate | I 'y e . % — = £ A
1 Relative time/ms. Relative time/ms. |
1 I
L e e e e e e e ] |
iComputer
> D E—
Fig. 2. Experimental setup of the WPAAM system.
Table 2 a) Tensile samples b)
The parameters used in this study. ) fe saup = —_—— .
P, R —— L |
Sample Remarks 1 2 3 4 T 7, 1 | 5
{ 1 i \ |
Pulse frequencies F, (Hz) 0 50 80 110 | : 1 > y | | k2
Average Current (A) 122 117 115 115 | Il : || : T
Average Voltage (V) 19.3 20.5 20.6 20.0 : | 1 | N < |
Traveling Speed (m/min) 0.35 0.35 0.35 0.35 | 19 ! | s 2
Wire Feeding Speed (m/min) 6.0 6.0 6.0 6.0 S Vol .
| T 1 \ | - S e
[ | I]
2.2. Characterization and mechanical testing of samples under different i I
L Unit: mm

parameters

Metallurgical samples were cut by a wire-electrode cutting machine.
These samples were then polished through SiC papers up to grid 3000
and diamond paste up to 0.5 pm. Then, the etching solution was done
using Kroll’s reagent (1 ml HF + 2 ml HNO3 + 17 ml H50) for 1 min. The
CBG morphology was examined using a KEYENCE VHX-1000C ultra-
depth microscope for detailed observation. The sizes of CBGs were
measured using the software Image-J. Tensile test samples were fabri-
cated and machined according to standard GB/T 228.2-2015. The
sample position in the as-built wall is shown in Fig. 3 (a). The geometries
of these tensile samples are shown in Fig. 3 (b). Three tensile specimens
are taken out of each straight wall for experiments. Then, these samples
were conducted at room temperature with a 1 mm/min loading rate
using a Zwick Z020 electronic universal tester.

The fabricated samples’ grain orientation, size, and texture under
different pulse frequencies (F,) were investigated using a scanning
electron microscope (SEM, Zeiss Gemini 300) equipped with an electron
backscatter diffraction system (EBSD, Oxford Nordlys Max 3 system).
The EBSD scans were performed on a sample area measuring 400 x 400
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Fig. 3. Samples schematic diagram (a) Sample position in the straight wall, and
(b) Tensile samples.

pm?, with a step size of 0.5 pm.
3. Results
3.1. Mechanical properties under different pulse frequencies

Fig. 4 presents the mechanical properties under varying F, in the
wire and pulsed arc additive manufacturing process. A comparative
reference is established by including the mechanical properties under
the WAAM process at 0 Hz. The yield strength (YS) and ultimate tensile
strength (UTS) are quantified for this baseline at 888.48 and 985.40
MPa, respectively. The zenith of YS is attained at 50 Hz, registering at
1007.58 MPa, denoting a notable enhancement of 119.1 MPa (approx-
imately a 13.4% improvement) relative to the WAAM counterpart.
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Fig. 4. The tensile test results of the WPAAMed workpieces under different F,,.

Subsequently, with escalating F, values, the YS experiences a marginal
decline, measuring 987.64 MPa at 80 Hz. Ultimately, at the F;, of 110 Hz,
the YS diminishes to approximately 941.45 MPa, showcasing a 53 MPa
improvement compared to the WAAM process at 0 Hz.

Similarly, the apogee of UTS is also realized at 50 Hz, reaching
1122.23 MPa, thereby signifying a notable augmentation of 136.84 MPa
(approximately a 13.9% improvement) compared with the WAAM
baseline. Subsequent increments in F, result in a marginal decrement in
UTS, with values of 1112.09 and 1023.31 MPa observed at 80 and 110
Hz, respectively. Overall, a conspicuous divergence is observed between
specimens subjected to WAAM and those exposed to WPAAM, indicating
improvements in both YS and UTS results.

The elongation exhibited by the tensile samples remains consistently
uniform across varying F,, approximating an equable magnitude of 10%.
This constancy in elongation means a relative insensitivity of the
deformation characteristics to alterations in F, within the range of
investigated parameters. The fractography of these samples is shown in
Fig. 5, wherein the presence of a conspicuous shear lip is readily
discernible. In the central region of the fractography, diminutive
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dimples and discernible tear ridges are manifested. In totality, the
fracture modalities evidenced by these specimens evince ductile
comportment, with the prevailing fracture mechanism predominantly
characterized by a discernible occurrence of dimple formation.

3.2. The CBGs under different pulse frequencies

Previous studies [16,17,25-27] have consistently delineated the
presence of multiple parallel coarse columnar grains (CBGs) in the
microstructure along the build direction. These CBGs’ widths are usually
0.5-1.1 mm. This study acquires microstructure samples perpendicular
to the build direction, affording a comprehensive cross-sectional view of
the deposited metal.

Fig. 6(a), (b), (c), and (d) showcase the OM images of specimens
subjected to the WPAAM process, each corresponding to distinct F;, of 0,
50, 80, and 110 Hz. The CBG area distribution is shown in Fig. 6(e), (f),
(g), and (h), respectively. The Gaussian fitting is used to evaluate these
distributions’ status, represented by the red lines. The accompanying
confidence coefficients R? are quantified at 0.567, 0.972, 0.857, and
0.815, respectively. The coefficients R? in Fig. 6(f), (8), and (h) mean
that the CBG areas in these samples have high robustness, fitting the
Gaussian distribution.

Thus, the boxplot is used to scrutinize the impact of F, on the dis-
tribution of the CBGs, as shown in Fig. 7(a). The boxplot shown in Fig. 7
(a) is constructed by the 25%-75% aligned CBG areas referred from the
grain distribution. Two critical sectors, the mean value (M,) and the
concentration degree (Cy), are used in Fig. 7 (b) to describe the char-
acteristics of these Gaussian distribution datasets. Notable variations are
observed in the M, of the CBGs. The maximum and minimum CBG areas,
1.84 and 0.456 mm?, respectively, are recorded at 0 and 50 Hz. Sub-
sequently, the M,q experiences a marginal increment to 0.56 mm? at 80
Hz, followed by further elevations to 0.624 mm? at 110 Hz. Likewise, the
Cg4 reflects a parallel trend with the M. In the 0 Hz sample, the Cg4 reg-
isters at 2.672 mm?, subsequently decreasing to 0.464 mm? at 50 Hz.
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Fig. 5. Fractography under different F, (Unit: Hz): (a) 0, (b) 50, (c) 80, (d) 110.
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Fig. 6. The morphology images under different F, (Unit: Hz): (a) 0, (b) 50, (c) 80, (d) 110, and the grain distribution charts under different F, (Unit: Hz): (e) 0, ()50,

(g) 80, (h) 110.
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Fig. 7. (a) Grain size distribution boxplot and (b) mean value and concentration degree curves under different F,,.

Following this, the Cg exhibits slight fluctuations around 0.570 mm? at
80 Hz and 110 Hz.

These observations underscore the synchronized influence of pulse
frequency (F,) on both the M, and Cy4 of CBGs. A noteworthy five-fold
discrepancy is evident in comparing these values under 0 and 50 Hz,
underscoring the substantial impact of current/voltage-impulse cycles
on the CBGs. Simultaneously, the observed M, and Cy trend of initially
decreasing and subsequently plateauing suggests that the pulse fre-
quency (Fp) of current/voltage-impulse cycles may exhibit an optimal
value range conducive to enhanced grain refinement.

3.3. The a-lath structures obtained under different pulse frequencies

The EBSD results, including the SEM figures, Inverse Pole figures
(IPFs), and phase figures, are illustrated in Fig. 8. These results reveal
the microstructure morphology inside the CBGs under different F,
samples. The boundaries of these CBGs are distinctly demarcated by the
white arrows as depicted in the SEM maps of Fig. 8. Along these CBG
boundaries, some sub-o structures have a relatively long and narrow
shape, denoted as ogg, as the red arrow shown in the Phase map.

The phase maps reveal an exceedingly low presence of sub-micron
inclusions. This phenomenon can be ascribed to the inherent high
cooling rate associated with the AM process, which has been previously
documented [28,29] in the Ti-alloy. This elevated cooling rate triggers

7625

diffusionless and shear-type phase transformations, thereby imparting a
distinctive hierarchical a-martensite lath structure to these specimens.
In the comparative analysis of the SEM figure, phase figure, and IPF
figure presented in Fig. 8, samples subjected to pulse frequencies of 50
and 80 Hz manifest the most diminutive a-lath structures and exhibit the
finest a-grain boundaries. Subsequently, the sample was subjected to a
110 Hz follow-up. The specimen subjected to 0 Hz showcases the
roughest a-lath dimensions.

Fig. 9 illustrates the microstructural characteristics of the samples
subjected to different F,, conditions. Specifically, Fig. 9(a), (e), and (i)
display SEM images of the top region of the deposited wall, while Fig. 9
(d), (h), and (m) show SEM images of the bottom region. Fig. 9(b, ¢), (f,
g), and (j, k) correspond to SEM images of the middle section. In the top
and bottom regions, the microstructure features basket-weave structures
and large-sized a colonies, a consequence of the higher cooling rates
dictated by the plate and air conditions in these regions, respectively.
Conversely, the middle section exhibits columnar boundary grains
(CBGs) (as evidenced in Fig. 9(c), (g), and (k)), resulting from the slower
cooling rate in this area. Adjacent to these CBGs boundaries are some
large-sized a colony structures. Notably, in samples without F, (Fig. 9
(b)), a few a colony structures are still present in the middle region.
However, such structures are significantly less prevalent in samples
subjected to F, (as shown in Fig. 9(f) and (g)), highlighting a difference
in microstructure influenced by the impulse cycles’ application. The a
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Fig. 9. The microstructure of different WPAAM zone under different F, (Unit: Hz): (a~d) 0, (e ~ h) 50, (h ~ k) 80.

colonies exhibit a consistent orientation of a-laths, which may undergo
similar rotations under external loading conditions. This part will be
further discussed in subsequent sections of the analysis.

Fig. 10(a)-(c) illustrate microstructures characterized by a

basketweave morphology with acicular o-laths under varying parame-
ters. However, with the introduction of impulse cycles, notable changes
in the width of a-laths are observed, as shown in Fig. 10(d)-(f). Statis-
tical analyses presented in Fig. 10(d)-(f) further support these findings.

7626



Z. Yu et al.

Journal of Materials Research and Technology 30 (2024) 7621-7634

275
(d)*? : (f) 12
Average:2.07um Average:1.74pym Average:1.82um
0.09 0.09 0.09f
> > >
Q o o
g g 5
3008 3008 3.0.06
i & &
0.03 0.03 0.03f
10.00 0.00 0.00

2 3
a-lath width (um)

2
a-lath width (pm)

3 2 3
a-lath width (pm)

Fig. 10. Microstructural SEM figures under different F, (Unit: Hz): (a) 0, (b) 50, (c) 80; and corresponding analysis of a-laths width under different F, (Unit: Hz): (d)

0, (e) 50, () 80.

The red lines in these figures denote Gaussian distribution fitting lines,
demonstrating fitting confidence levels exceeding 92%. Specifically, the
average width decreases from 2.07 pm at 0 Hz to 1.74 pm at 50 Hz, and
slightly increases to 1.82 pm at 80 Hz. These observations highlight the
impact of impulse cycles on refining the microstructure within a-laths,
which may contribute to potential enhancements in the mechanical
properties and performance characteristics of the deposited metal.

4. Discussion
4.1. Mechanism of pulse frequency on microstructures

4.1.1. Consideration of the heat input under different parameters

Previous studies [6,8-10] show that solidification textures are
mainly determined by the thermal gradient(G) to growth rate(R) ratio
(G/R ratio). Therefore, two plausible mechanisms are advanced to
explain how F, may modulate solidification microstructures. Firstly, the
alterations in F, may induce changes in the heat input (HI), thereby
influencing the G through the grain growth mechanism and conse-
quentially impacting the solution process. Secondly, F, may exert an
influence on the droplet translation process, thereby modulating droplet
frequency and velocity. This modulation, in return, contributes to
increasing the R value by augmenting nucleation points, amplifying the
solidification ratio.

The heat input (HI) can be calculated using the current and voltage
curves obtained by Egs. (1) and (2).

Q=nx> (UixLxT) €}
_Q
HI_Stx T (2)

wherein Q is the total energy caused by the arc, 5 is the arc thermal
efficiency, which is a constant of 0.8 [30] in the CMT method. The
values U; , I; and T; are the current values, voltage values, and relative
interval time, respectively. The traveling speed (S;) remains stable across
this study, as Table 2 mentioned, which is 0.35 m/min. By Egs. (1) and
(2), the HI can be obtained, the calculations under different Fp are shown
in Fig. 11.

Compared with the HI under different F,,, the values exhibit a subtle
undulatory fluctuation within the magnitude of 3.25 x 10° J/m. This
observation suggests a limited susceptibility to alterations concomitant
with fluctuations in the Fp. This stable trend may be attributed, in part,
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Fig. 11. Heat input (HI) calculation in one CMT circle under different F,.

to two explicative factors. Firstly, each impulse circle lasts only about
0.5 ms. This transitory span is too brief to impact the HI substantially,
according to Eq. (1). Secondly, the WPAAM parameters used in this
study are pre-designed programs that restrict the relationship between
the current and the wire feeding speed. This makes a balance between
the melting material and the heat input. As a result, due to a maintained
wire feeding speed, the average current and voltage remain similar
across different WAAM processes, as shown in Fig. 2, rendering the HI
almost identical.

4.1.2. The kinetic energy in the S/L surface under different pulse
frequencies

The G/R ratio is not solely influenced by the HI but also by the kinetic
energy distribution amidst the liquid and solidification states, necessi-
tating further analysis. To reveal the mechanism of the pulse frequency
changes on the energy fluctuations of the solid-liquid (S/L) interface in
the molten pool, a volume of fluid (VOF) model is used to obtain the
liquid metal velocity in the S/L interface. However, the S/L interface is
located at the rear end of the molten pool, as shown in Fig. 12 (a),
making it challenging to calculate accurately. This study introduces a
calculation principle aimed at quantifying the motion in the molten
pool, which mainly focuses on the aiming area €, as shown in Fig. 12 (a),
to represent the average kinetic energy obtained on the entire S/L
interface.

The vibration energy E, in the S/L interface is expressed in the
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Fig. 12. (a)The VOF calculation principle schematic diagram and (b) to (d) are the initial deformation moments under different F, (Unit: Hz): (b) 0, (c) 50, (d) 80.

following Eq. (3):

EQ:%/mA]FA’\ZdA ©)
Q

Where the subscript surface is the area element, my represent the mass of

the liquid metal in the area element,

m‘ is the average speed in the

area element. In addition, the liquid metal in the molten pool can be
regarded as homogeneous fluid, which the m, can be considered as a
constant value in the equation. The velocity vector U, contained three-
dimensional weight vector Uy, Uy, Uy, thus Eq. (3) can be rewritten to
Eq. (4).

1 _
EgzimA % A * U? )
Wherein the U represent the average velocity value of the molten pool,
which can be re-written by the contribution of the weight velocity vector
Ux, Uy, Uy, as following Eq. (5) shows.

!{‘FA’)dA JVOST T, 0, U, U

U"Ta TaA

)

The initial conditions and boundary conditions of the simulation are
shown in Table 3. Fig. 12 (b), (c), and (d) show the initial deformation
moments under different F,. The elements in various colors in these
figures denote distinct velocities. With the impact of the droplets, the
molten pool causes a significant deformation. As shown in Fig. 12, the
molten pool deformation at 0 Hz is much slighter than that at 50 and 80
Hz.

Fig. 13(a)-(c) depict a single-droplet impact circle at the F, of 110
Hz. In Fig. 13 (c), the impact of droplets engenders a profound defor-
mation in the molten pool, leading to the fluctuation in the elements
present in varying directions. Furthermore, as depicted in Fig. 13 (d)-(f),

Table 3

The initial conditions and boundary conditions of the numerical simulations.
Simulation Conditions Value
The density of liquid metal (kg/m®) 4500

The initial velocity of the droplets
The arc force

0.94 m/s [31]
2.73*107° N [32]

The viscosity of liquid (kg/m*s) 5.2 x 1072
The length of the molten pool (mm) 8

The width of the molten pool (mm) 5.7

The depth of the molten pool (mm) 2
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another instance of a single-droplet impact circle in the molten pool is
illustrated. During this period, the deformation that occurred by the
droplet drove the liquid metal to propagate toward the tail end. This,
thereby, increases the metal flow velocity at the S/L surface, as shown in
Fig. 14 (e) and (f). The average speed in the aiming plane £ and the
kinetic energy under different parameters are presented in Fig. 14 (a)
and (b), respectively. The peak velocity without Fp is much lower than
that with Fp, as shown in Fig. 14 (a). Therefore, the kinetic energy
without F, is much lower than that with F,,.

Comparing the liquid metal speed under different Fp, it is not difficult
to see that as the F, increases, the droplet transfer frequency per unit
time increases significantly. The frequency of the peak speed in Fig. 14
(a) will also decrease with the droplet transfer frequency increasing,
accordingly. However, since the wire feed speeds used in this article are
entirely equal, as shown in Table 1, the size of the droplet will become
smaller as the droplet transition frequency increases. As a result, the
deformation produced in the molten pool also decreases, as shown in
Fig. 12, and the resonance amplitude generated in the S/L interface will
also weaken. This explains why the peak value of the average velocity in
the target area 2 decreases accordingly with the F, increasing, dimin-
ishing from approximately 0.0104 m/s at 50 Hz to 0.0064 m/s at 80 Hz
and then decrease to 0.0015 m/s at 110 Hz.

Furthermore, in order to get the synergistic effect of the droplet
transfer frequency and the peak value of the average velocity in the S/L
interface, the cumulative value of kinetic energy in the target area 2
within 180 ms is counted. The kinetic energy within the area Q is
calculated by Egs. (4) and (5), shown in Fig. 14 (b). The results show that
the kinetic energy without impulse cycles is very low, only 0.0442 x
1072 m%/s%. When the pulse frequency is 50 Hz, the kinetic energy is
0.668 x 107> m?/s% approximately 15 times higher than without im-
pulse cycles. Then, as the pulse frequency increases, the kinetic energy
in the target area 2 decreases, at 0.229 x 10~> m?%/s? and 0.118 x 1073
m?/s? when the F, is 80 Hz and 110 Hz, respectively. However, even
with the minimum kinetic energy in the samples with impulse cycles, the
energy at 110 Hz is still 2.7 times than that without impulse cycles.

4.1.3. The mechanism of impulse cycles effect on the microstructure
Combined with the experimental results Figs. 6-8 and simulation
results Figs. 12-14, the mechanism of the influence of impulse cycles on
microstructure is further explained. The microstructure mechanism di-
agram with and without impulse cycles is shown in Fig. 15. Fig. 15 (a)
describes the WPAAM process, in which, due to the consistency of the
temperature gradient G in heat dissipation from the bottom to the top,
the deposited metal is easily nucleated to produce bottom-up columnar
crystals (CBGs), which is already being studied by the previous re-
searches [16,17,25-27]. Fig. 15(b) and (c) show the solidification
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process of CBGs on the S/L interface with and without impulse cycles,
respectively.

When subjected to droplet impact, the molten pool undergoes
deformation in the dropping point, as shown in Fig. 12. The deformation
in the molten pool forces the liquid metal to move toward the tail end,
causing vibration in the molten pool. However, due to the damping ef-
fect of the liquid metal in the molten pool, the oscillatory flow of the
liquid metal will gradually slow down during the transfer process.
Therefore, when there are no impulse cycles, the amplitude of the
molten pool oscillation caused at the dropping point is low (this can be
found in Fig. 12(b)), which makes this oscillation unable to be trans-
mitted to the S/L interface under the damping effect of liquid metal, as
shown in Fig. 15 (b). As a result, the CBGs will continue to grow to a
large size, which explains why CBGs’ sizes are so big in Figs. 6(a) and 7
(a).

On the other hand, when there are impulse cycles in the parameters,
the amplitude of the molten pool oscillation caused at the dropping
point is large, which can be found in Figs. 12 (c), (d), and 13 (d). This

makes the vibrational oscillations induce a perturbation at the S/L
interface, as shown in Fig. 15 (c). These vibrational oscillations render
the CBGs along the S/L interface predisposed to fracturing. Then, the
tiny CBGs formed by the breakage steps serve as nucleation core, insti-
gating the genesis of other CBGs. This explains why the CBGs with im-
pulse cycles are relatively smaller than those without impulse cycles.
The breakage steps also point out the reason why the distribution
pattern of CBGs aligns exceedingly well with the GS distribution in Fig. 6
(), (8), (h). Furthermore, the kinetic energy of the S/L interface is larger
in samples under 50 Hz compared to 80 Hz and greater in turn compared
to samples under 110 Hz. This leads to an opposite pattern in the dis-
tribution of CBGs, which is smallest under 50 Hz, followed by 80 Hz, and
largest under 110 Hz, fitting the CBGs trend in Fig. 7 (b).

In addition, with the velocity in the S/L interface changing, the
transduction of energy in this interface also changes, thereby influencing
the growth rate R. As per [33,34], the elevated R, in the AMed process,
instigates the formation of diminutive « laths. This phenomenon eluci-
dates the observed diminutiveness of o laths nestled within CBGs in
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Fig. 15. The microstructure mechanism diagram without and with impulse cycles.

instances of 50 Hz and 80 Hz, as delineated in Fig. 8. In contrast, the
sample under 0 Hz and 110 Hz have a comparatively diminished fluidic
flow magnitude at the S/L interface. This concomitantly results in a
relatively lower R, thereby engendering the coarsening of the o grain
structures. Furthermore, the growth rate direction also changes the «
laths’ growth direction. As shown in Fig. 15 (b), without the fluctuation
in the S/L, the a laths’ growth direction follows the building direction, as
the growth rate direction along the building direction. On the contrary,
with the liquid metal flow effect, the heat exchange process is disrupted,
which offsets the growth rate direction relative to the building direction.
This makes the « laths’ growth in more directions and reduce the o
colony structures, as shown in Fig. 9.

4.2. Correlation between microstructure and yield strength of TA15-alloy

4.2.1. The contribution of CBGs on Yyield strength

In the mechanical results shown in Fig. 4, the YS and UTS have a
contrasting co-relationship with the CBGs size curve reported in Fig. 6.
This indicates that the tensile strength corresponding with the CBGs
mentioned previously. The observed enhancement in strength can be
partially attributed to the distribution of the CBGs. During the tensile
test, the deformation in the tensile sample is exerted on multiple grains.
Therefore, refined grains can reduce stress concentration. The Hall-
Petch (H-P) relationship [35] can explain such an effect, illustrating
that the ), is inversely proportional to the d. In the AMed titanium alloy,
the CBGs attain a coarser scale. The previous study [36] proposes a
modified H-P relationship to improve calculation accuracy by illus-
trating the width of the CBGs and the YS, as Eq. (6) shows.

L2

N

wherein the 5y is denoted a material constant representing the initial
resistance to dislocation movement, k, signifies the strengthening co-
efficient, a constant parameter specific to the given material, and w is the
average width of the CBGs. According to the study [36], for AMed TA15
alloy, the 6, and k, are 710 MPa and 3.31 MPa/m~Y/2, respectively.

To get the accurate grain width, the average CBGs width of the
metallographic samples can be calculated by the grain areas shown in
Figs. 6 and 7, in which the single CBG can be approximately considered a
regular hexagon. The diameters of the inscribed circle inside the hexa-
gons can represent the width of the CBGs, which can be deduced by the
following Eq. (7).

davg = 7§Aavg

(5},5 =6y + 6)

)
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wherein the A,y is the average grain area from Fig. 7 (b), the dgy is the
diameter of the inscribed circle of the hexagon that wanted to be
counted out.

From the H-P relationship in Eq. (6) and the estimated width dg, by
Eq. (7), the estimated YS of the samples under different Fp can be
calculated, as shown in Table 4. With the CBGs’ average width
decreased, both the experimental and calculated YS in Table 4 ascents.
The tendency of the calculated results closely approximates the experi-
mental findings, which are also inversely proportional to the CBG’s
average width. However, a significant estimated error by at least 90 MPa
existed between the experiment and H-P calculation results. This
disparity can be attributed to the fact that the WAAMed parts feature
large CBG boundaries. The dislocation movement effect by these CBG’s
boundaries is minimal, implying that the H-P effect cannot be satisfied
with such coarse grains.

4.2.2. The contribution of a-grains on yield strength

As shown in Figs. 9 and 10, with the introducing of the impulse cy-
cles, the a-grains’ width inside the CBGs also change correspondingly.
This may also contribute to the strength of the deposited metal. Fig. 16
shows the Taylor factors (T.F.) distribution figure, Kernel average
misorientation (KAM) figure, and KAM distribution chart obtained via
EBSD. The T.F. value indicates how easily the grain may undergo rota-
tion. The larger T.F. value implies the increased difficulty in grain
rotation. Thus, the T.F. figure delineates the prospect of grain rotation
under external loading. Notably, the specimens subjected to 50 and 80
Hz are characterized by the most diminutive a-laths (as shown in
Figs. 8-10), having some interweaving texture. In the T.F. map, this
interweaving texture manifests as a microstructural matrix intricately
rearranged by certain ‘hard’ o-laths within some ‘soft’ a-laths. These
rearrangements, moreover, afford a robust defense against deformation
under external loads. On the contrary, the samples at 0 Hz exhibit the
stubbiest a-laths matrix. Fewer microstructural rearrangements can be
found in these samples, signifying that the materials in these sections are
relatively easy to rotate and yield. This proves that the basketweave-like
a-laths inside the CBGs also may play a pivotal role in yield strength.

The KAM figures under different F, also show that the a-structure
plays an important role in deformation, with blue denoting the lowest

Table 4

The experimental and calculated YS under different parameters.
F, (Hz) 0 50 80 110
The experimental YS/MPa 888.48 1007.58 987.64 941.45
The calculated YS/MPa 793.7761 829.822 823.0034 819.4286
Error/MPa 94.7039 177.758 164.6366 122.0214
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Fig. 16. Taylor factors distribution figure, KAM figure, and KAM distribution chart of the TA15 alloy samples under different F,.

value (0°) and red denoting the highest value (4°). As the KAM distri-
bution chart is shown in Fig. 16, the 50 and 80 Hz samples exhibited the
highest KAM values, succeeded by the 110 Hz sample, then a subsequent
decline in the 0 Hz samples.

Due to the close relationship between KAM and Geometrically
Necessary Dislocations (GNDs) [37,38], the GND density can be calcu-
lated using equation (8):

20KAM

PeND =

b (8

Where pgnp is the GND density; Oxam represents the local misorientation
in the KAM maps [37]; b is the magnitude of the Burgers vector [39]; u is

0 Hz 50 Hz

the kernel size [40], which can be calculated by y = cl, where c is the
nearest neighbor determined in the program and [ is the scan steps via
EBSD. Thus, the KAM value directly determines the distribution of GND
density. Indeed, the higher the KAM value, the larger the GNDs density,
signifying a more potent hindrance to the action of external forces.

Thus, in order to consider the a-laths inside the CBGs, Schmid law is
used to judge the contribution of a-laths to the YS. Schmid law explains
that the improvement of YS under statistic loading can be attributed to
the dislocation slips in plastic deformation of the solidification textures.
As per the Schmid law [41], the relationship between the yield strength
Sy and the Schmid factors SF can be expressed as follows:

80 Hz 110 Hz
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S F. Pyramlda S F Pyramlda

05 Dlrectwn
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:

(A
S.F. Pyramidal
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Fig. 17. Schmid factors maps on the basal, pyramidal, and prismatic planes of the TA15 alloy samples under different F,,.
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CCRSS
(5ys: SF (C)]
where ¢°RSS s the critical resolved shear stress for the material. As for

the critical resolved shear stress (¢F5S),

have different values.

As shown in the Phase maps from Fig. 8, the majority of the com-
ponents in TA15 samples are o phase, which means the a phase plays a
leading role in the metal slip process. The a phase in titanium alloys
accommodates three distinct slip systems, denominated as basal slip
system ({0001} < 1120 >), prismatic slip system ({1100} < 1120 > )
and pyramidal slip system ({1011} < 1120 >) or ({1011} < 1123 >),
respectively. Fig. 17 presents Schmid factors distribution maps upon
these three slip systems, with blue denoting the lowest value (0) and red
denoting the highest value (0.5). The loading direction of Schmid factors
is set along the transverse direction of the sample, as shown in Fig. 17.

Fig. 18 (a) to (c) delineate the Schmid factors distribution maps
corresponding to the basal, prismatic, and pyramidal slip planes.
Notably, within these three slip systems, all samples exhibit the highest
Schmid factors on the pyramidal slip system, as shown in Fig. 18 (c).
However, previous studies [42-44] posit a markedly greater critical
resolved shear stress (°FS of the pyramidal slip system compared to the
basal and prismatic slip system. Consequently, although the consider-
able Schmid factors are associated along the pyramidal slip system, this
slip system is difficult to activate at the initial stages of plastic
deformation.

From the distributions of the Schmid factor under different Fp,
average Schmid factors can be calculated by Eq. (10).

different phases and slip systems

Jm x N(m)dm

J N(m)dm (10)

M=
Wherein the N(m) is the frequencies of the o phase and m is the Schmid
factors of the a phase corresponding to the determining slip system. By
calculation, the average Schmid factors m results are shown in Table 5.

The ¢°RSS pertinent to the basal and prismatic slip systems within
titanium alloys exhibits a similarity value. Reported ¢(* from the
previous literature are listed in Table 6. The ¢{“*SS used in this study are
365 MPa and 345 MPa for the basal and prismatic slip systems,
respectively.

4.2.3. The joint contribution of CBGs and « laths on yield strength

By using the Schmid law along with the ¢RSS and m values
mentioned previously, the theoretical estimations can be calculated. The
calculation results by prismatic slippage and basal slippage are depicted
in Fig. 19, represented as the black and purple lines, respectively. The
theoretical estimations derived from the H-P relationship of CBGs width
are also illustrated in this figure, as the blue line shows. The red dashed

line within Fig. 19 delineates the experimentally derived yield strength.

»
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Table 5

The average Schmid factor.
F, (Hz) 0 50 80 110
Mpgsal 0.345536 0.310748 0.315656 0.340847
Myris 0.363293 0.330031 0.33291 0.351552

Table 6

The ¢°FSS reported in the previous studies.
Materials (ORSS (MPa) Reference

Basal slip Prismatic slip

Ti6A14V 388 373 [45]
Ti6Al4V 400 380 [46]
Ti6Al4V 420 370 [47]
Ti6A12Sn4Zr2Mo 365 345 [48]
Ti6.5A12ZrMoV 365 345 This study

In Fig. 19, the experiment and Schmid law analysis lines reveal that
the YS exhibits an upward trend from 0 Hz to 50 Hz and has a slight
downward trend from 50 Hz to 110 Hz. The experimental YS results are
higher than those calculated from H-P and are much lower than those
calculated from basal SFs. The YS results calculated by prismatic SFs are
the closest to the experimental YS, with a maximum error of only 61
MPa.

However, it can also be seen from Fig. 19 that the results calculated
by prismatic SFs are always slightly higher than the experimental values
among these four samples. This implies that relying solely on one
theoretical method to elucidate the yield strength in the WPAAM process
is not comprehensive. Concurrently, certain a colony structures adjacent
to the CBGs’ boundaries are discerned in Figs. 8 and 9. Because the
energy required for non-uniform nucleation is much less than the energy
required for uniform nucleation, the a colony structures preferentially
precipitates at the CBG boundary, as shown in Fig. 9. These a colony
structures portray a relatively diminished KAM value, as shown in
Fig. 16, which are easily activated and causes slippage. This also shows
the contribution of CBGs’ boundaries to mechanical properties. In
conclusion, the observation underscores the interplay of solidification
textures, encompassing both the structure of CBGs and the structure of
a-laths, imparting a distinctive mechanical response to WPAAMed Ti-
alloys.

5. Conclusions

In this study, several noteworthy conclusions can be drawn based on
properties

the microstructure and mechanical under varying

parameters.

Fig. 18. Schmid factors distribution of the TA15 alloy samples under different F,, (a) on the basal planes, (b) on the pyramidal planes, and (c) on the pris-

matic planes.
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Fig. 19. Correlations between yielding strength, CBGs and the a-laths.

. The analysis of yield strength improvement involved the application
of the Hall-Petch relationship and Schmid Law. The examination
revealed that the CBGs and the o-phase texture collectively
contribute to the observed enhancements in mechanical properties.

. The droplets’ kinetic energy dominates the distribution of the CBGs.
As the peak value of kinetic energy at the S/L interface increases, the
probability of CBG breakage rises, resulting in a more aligned dis-
tribution of CBGs resembling a Gaussian distribution.

. The co-vibration occurring at the solid/liquid interface acts as a
facilitator for energy transduction, exerting an influence on the
growth rate and altering the growth direction of the « grains cluster.
This phenomenon contributes to the initiation of diminutive « grains,
marking a distinctive effect on the overall grain formation process.

. Compared with the conventional WAAM sample, the samples sub-
jected to the WPAAM have a significant improvement in tensile
strength. Optimal process parameter adjustments result in a sub-
stantial 13% improvement in both yield strength and ultimate tensile
strength.

The WPAAM technology presents a novel alternative for the pro-
duction of titanium alloys. This method is characterized by its
simplicity, as it does not entail additional steps, necessitate special path
planning, or require intricate procedures. The inherent ease of imple-
mentation makes it particularly well-suited for printing large compo-
nents. This approach streamlines the manufacturing process and
eliminates the need for subsequent post-processing or interlayer in-
terventions. Consequently, it enhances the feasibility of utilizing WAAM
components in industrial applications, facilitating the more convenient
production of large titanium alloy components.
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