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Abstract

In this work, the micro-laser metal wire deposition (WLLMWD) with ms-pulsed wave emission and low duty cycles was utilized
to build the Ti-6Al-4V thin walls. The work first investigated the influence of the process parameters on single track stabil-
ity and geometry. With the developed processing conditions thin walls with multiple layers were produced. The uLMWD
produced thin walls were characterized by fine grain size expected to be due to the columnar to equiaxed transition (CET)
in the produced wall. Fine columnar grains formed in the bottom region of wall due to the restriction of melt pool size and
large cooling speed, while equiaxed grain formation and further refinement were achieved in the middle region, attributed to
the intermittent stirring force that broke dendritic arms and increased nucleation events before solid-liquid interface. From
the bottom to top region microstructures transferred from acicular o' to short o lamella constituting basketweave structure,
and the periodic heating and cooling generating by pulsed laser reduced the acicular o at higher cooling rate and decreased

a size. The forming of equiaxed grain and fine grain and microstructure increased the wall microhardness.

Keywords Laser metal wire deposition - Pulsed wave emission - Ti-6Al-4V alloy - Grain refinement - Microstructure

evolution - Microhardness

1 Introduction

Today a variety of additive manufacturing (AM) technolo-
gies employing different material feedstocks (e.g., powder
or wire) and heat sources (e.g., arc, electron beam, laser)
are adopted to fabricate complex, three-dimension and net-
shaped metal components in the manufacturing industry
[1-5]. There is, however, a trade-off between the dimen-
sional resolution, deposition rate, material efficiency and
requiring part size [6-9]. As vacuum atmosphere is not
required and electromagnetic interference is absent, the
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laser AM (LAM), including laser directed energy deposition
(LDED) and laser powder bed fusion (LPBF), has gained
more attention as a stable and flexible technique for building
high-accuracy components with complex geometry [10—13].
Compared to LPBF and powder-based laser metal deposi-
tion (LMD), the wire-based DED technique laser metal
deposition (LMWD) avoids the powders recovery, provides
higher building rate, less pollution and higher material use
efficiency (up to 100%) [14—-16]. Such advantages make the
LMWD appealing [17-20] but the lower deposition preci-
sion resulting from large track dimension and asymmetric
AM process restricts its further development [21, 22].

The Ti-6Al-4V alloy, a popular o (hexagonal close-packed
structure, HCP) + p (body-centred cubic structure, BCC) tita-
nium alloy, is extensively utilized in many fields such as aero-
space, marine, aircraft structural, automobile and biomedical
industries because of the excellent combination of mechanical
property [13, 23]. A great quantity of researches into Ti-6Al-
4V AM technologies in recent years have identified the neces-
sity of preventing the formation of large columnar grains
which could cause the anisotropy mechanical property and
thus present challenges in building strategy and part design
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[24]. Refining the grain size and promoting the columnar to
equiaxed transition (CET) during AM are often perceived
to be highly desirable. However, the lack of nuclei before
the solid/liquid (S/L) interface and prevailing solidification
conditions during AM process favour the epitaxial growth
of grain and thus form the large columnar grains. In general,
for wire arc additive manufacturing (WAAM) samples, the
coarse columnar f} grains could be observed clearly, in which
the maximum width could be up to 0.7 mm while the length
varied from 0.5 mm to 5 mm. In contrast, the samples built by
LMD exhibited elongated columnar § grains of 0.1-0.3 mm
width and 1-3 mm length [25]. Limited to the small molten
pool size, the short columnar f§ grains with the average width
of 150 um and height of 200 um formed during LPBF process
[26]. A solution to achieve CET is to adjust the growth rate
of the S/L interface (R) and temperature gradient (G). While
the G/R decreased the CET during AM was promoted [27].
For example, after manipulating process parameters some
equiaxed grains were observed in LPBF produced Ti-6Al-4V
part though decreasing G [28]. Tan et al. [29] reported that a
small amount of equiaxed grains formed on the top surface of
deposited layer produced by LMD through increasing the laser
power and applying synchronous induction assisted method
to reduce the G/R ratio. As far as what has been published
to date, it seemed almost impossible to achieve the full CET
and significant grain refinement for AM produced Ti-6Al-4 V
part only by changing the thermal conditions. Besides the G
and R, the alloy constitution condition that drives nucleation
events is another important factor in promoting CET and grain
refinement. Bermingham et al. [24] reported that fine equi-
axed grains with average grain size of 252 um were obtained
in WAAM with high linear energy density (LED) that was
favourable on the basis of lower G/R ratio, after adding grain
refining solute and nucleant particles. Xue et al. [30] demon-
strated that the addition of boron powder into power-based
LMD process of Ti-6Al-4V refined the prior § grains from
577 to 35 pm and the grain morphology changed to alternately
short columnar and equiaxed from large columnar shape.
The microstructure transformation is another research
focus for Ti-6Al-4V alloy AM because it plays a great role
in the mechanical properties of deposited part, which mainly
depends on the cooling rate at the  transus temperature
(Tp) during the solidification process. Under the large heat
input, e.g., WAAM and LMWD processes, the transforma-
tion microstructures of deposited metal include colony and
basket-weave morphologies consisting of a lamella with a
spacing of ~ 1 pm transferred from P by diffusion phase tran-
sition at lower cooling rate [31-33]. Yang et al. [34] stated
that full acicular martensites a’ with different size scales
formed within the LPBF produced part by the diffusionless
transformation at high cooling rate far exceeding the critical
value to produce martensite (~410 K/s) and resulting from a
small heat input. Fu et al. [35] analyzed the microstructure
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evolution mechanism in the LMWD fabricated Ti-6Al-4V
walls, indicating that at the bottom region the microstruc-
ture was acicular o’ and with increasing the wall height the
microstructure transferred into lamellar, lathy and blocky
o phase gradually, attributed to different heat dissipation
conditions. To this date, the control of grain size and shape
of Ti-alloys remains an open point to be addressed in metal
AM processes.

For LMWD of Ti-6Al-4 V alloy, solutions for improving
the dimensional precision received less attention and the
formation of large and columnar grains was often an unde-
sirable but unavoidable result. A possible way to achieve
smaller deposit tracks, while achieving a greater control
of the cooling rates is through the use of long-pulsed laser
sources. Such conditions have been explored in the litera-
ture concerning especially cladding and repair applica-
tions [36-38]. In the present study, the micro laser metal
wire deposition (LLMWD) was firstly applied for the AM
of Ti-6Al-4 V alloy. The pPLMWD employs a long pulsed
Nd:YAG laser source to deposit thin wires with diameters <
0.5 mm. Conventional LMWD operates with wires diame-
ters > 1.0 mm enlarging the deposit size to several multiples
of the wire diameter (3—5 mm). The long process allows the
material to solidify between consecutive pulses, allowing to
maintain a thinner deposit width similar to the wire diam-
eter (0.6—1.0 mm). Hence, the obtained thin wall widths
remain similar to the dimensional capability to LPBF [21,
39, 40]. Moreover, the processing conditions can allow to
further enhance the grain and microstructure.

Accordingly, this work aims to study the influence of
pulsed wave emission during the pLMWD of Ti-6Al-
4V alloy in order to achieve thin-walled structures with
refined grains. First, a fundamental study about the effect
of process parameters on the single track geometry was
provided, and the influence of height increment between
neighboring layers over the wall formability was also
investigated. At the most suitable deposition conditions,
the thin-wall structures were built and the grain charac-
teristic, microstructure transformation and microhard-
ness at different regions of the thin wall were analyzed.
Besides, a detailed description of the grain formation and
microstructure transformation mechanisms was formulated
through identifying the thermal conditions and analyzing
the pulsed stirring process.

2 Experimental method

2.1 Experimental methods and sample
characterization

The pLMWD was carried out utilizing a pulsed Nd:YAG
laser source with Ti-6A1-4V wire of 0.5 mm diameter on a
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Table 1 Chemical compositions Element C 0 H N Al v Fe Ti
of the Ti-6Al-4 V alloy
wt.% 0.06 0.12 0.009 0.03 6.4 4.2 0.18 Bal

5-mm thickness Ti-6Al-4V substrate under the protection
of a local argon shielding device. The diagram and specific
photograph of the experimental device are displayed in
Fig. 1 and the corresponding chemical compositions of
Ti-6Al-4V alloy are listed in Table 1.

During the pPLMWD process, the pulse repetition rate
(PRR), wire feed rate (WFR), travel speed (v) and wire
feeding angle (a) were fixed in order to allow a stable pro-
cess after a preliminary study. The diameter of laser spot
was set as 1.0 mm, 100% larger than the wire diameter, to
achieve the full coverage for the wire at the high enough
energy density. At the single-track experimental stage, the
peak power (Ppk), pulse duration (t) and gas flow rate of
argon (G) changed adopting a 3° full factorial test plan to
investigate the effect of Ppk, T and G on the deposition
appearance formability and determine the parameters pro-
ducing smallest fusion depth and proper deposition width
and height at stable deposition conditions. The statistical
significance of the parameters was investigated applying
analysis of variance (ANOVA), and the alpha value that
controlled the statistical significance was set as 0.05. The
specific process parameters are summarized in Table 2.

During pnLMWD process, the choice of height increment
between adjacent layers (Az) is crucial to build three dimen-
sional parts [39]. Multi-layer deposition walls with 10 layers
at different Az were executed using chosen parameter com-
binations that could provide stable and uniform single-track
layer with small fusion depth and width, and the walls were
analyzed to determine the most suitable Az value allowing
a stable process. After that, the single-bead wide walls with
80-layer height were built utilizing the same fixed param-
eters and the values of the varied parameters as identified in
Table 3. The sample coordinate system is exhibited in Fig. 1,
where X is the traveling direction of the laser source (TD), Z

Table 2 Process parameters in single track experimental phase

Fixed parameters Level
Spot diameter, d, (mm) 1.0
Pulse repetition rate, PRR (Hz) 7.0
Wire feeding angle, o (°) 30
Wire feeding direction Front
Wire feed rate, WFR (mm/min) 230
Transverse speed, v (mm/min) 100
Varied parameters Levels

Low Mid High
Peak power, Ppk (kW) 0.8 1.1 1.4
Pulse duration, T (ms) 7 8.2 9.4
Gas flow rate, G (L/min) 2 5 8
Table 3 The chosen process Fixed parameters Level

parameters in multi-layer
deposition experiments

Peak power, Ppk (kW) 0.9
Pulse duration, T (ms) 7
Duty cycle, & 4.9%
Point distance, d, (um) 238
Gas flow rate, G (L/min) 5

is the building direction normal to the deposited layer (ND)
and Y is the horizontal direction (HD). During the huLMWD
process the laser source released consecutive pulses with a
fixed PRR and T moving parallel to the wall length with a v.
In the employed processing conditions the duty cycle (8) was
4.9%, while the spatial distance between the consecutive irra-
diation zones (point distance, d,) was 238 um. All thin walls
were produced via single tracks applied in the same direction,
without an interlayer delay between the consecutive layers.
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The time between consecutive layers was given by the time
required to move the wire feeder to the starting point of the
new layer, which corresponds to approximately 3 s.

The preparation of metallographic specimens was per-
formed on the cross sections of deposited wall cut firstly
perpendicular to the TD, then grinded by abrasive grinding
papers with decreasing coarseness to 2000 grit and finally
polished by polishing agent with the gradually decreasing
size from 6 to 1 pm. After etching by the Kroll’s agent,
macrostructures on cross sections were captured by optical
microscopy (Leitz Ergolux 200 from Leica, Wetzlar, Ger-
many), and the microstructures of metallographic specimens
from different regions of the wall were obtained using SEM
(LEO 1413 from Zeiss, Oberocken, Germany). Electron
Back Scatter Diffraction (EBSD) was also carried out on
the cross sections to further study the morphology of o/a’
and investigate the phase composition, “grain” size and mis-
orientation distribution using with step sizes from 0.2 to
1.6 mm and 20 kV accelerating voltage. Finally, the Vickers
microhardness of multi-layer thin wall on cross sections with
an interval of 0.1 mm were measured by a hardness tester
utilizing a 100-g load for 15 s.

2.2 Thermal conditions in u(LMWD

In this work, a solidification map, which could predict the solidi-
fication mode of Ti-6Al-4V by the G and R, from the seminal
empirical work developed by Kobryn and Semiatin [41] was
used to helpfully investigate the grain formation mechanism
under the thermal environment in pLMWD. Besides, the ther-
mal history, especially the cooling rate at Ty, during huLMWD
is another important factor playing a great role in the micro-
structure transformation process. During pLMWD, the accurate
measurement of G and R across the molten pool and the thermal
history by experiment method is almost impossible because of
the high temperature in excess of melting or even boiling point
and small molten pool size. Thus, a numerical simulation was
performed to simulate the temperature field of hLLMWD and
obtain the thermal history, G and R to discuss the grain forma-
tion and microstructure transformation mechanisms.

The governing equation of the nonlinear transient heat
transfer was given by

0 oT 0 oT 0 oT _ oT
= k@S] + 5 [kyma—y] ‘o [kzma—z] +4=p(DCDS
(D

where T was the temperature, p was the temperature-
dependent density, C was the specific heat capacity, g was
the applied heat generation source, and k was the thermal
conductivity.

During the laser pulse duration, the heat generation rate
q was defined by the Gauss volumetric conical heat source
[38] that could be expressed by
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where 7 was the efficiency coefficient, P was the laser power,
the r was the distance between node and laser beam center
and ry was the heat distribution coefficient which could be
given by

—Z;

rg(x) =1+ (re - ”;) . (3)
e =%

where r, and r; were the maximum and minimum radiuses of
the laser beam in the conical heat source respectively, and z,
and z; were the corresponding coordinate of the r, and r; in
the Z-axis. H was the distance between z, and z;.

The environment and initial temperatures were set to
25°C. In this model, the dimensions of the baseplate were
40 mm X 10 mm X 2.4 mm while those of the deposited
metal were 1.2 mm X 10 mm X 28.8 mm, and the entire
model was meshed by the thermal conduction element
SOLID70. The convective heat transfers and thermal
radiation losses were considered for the heat exchange
between outer surfaces in the model and the environment,
and the boundary conditions could be given by Eq. (4).

kn(T)(;—Z+qs+hc(T—Too)+ea(T4—T )=0 )

where k, was the thermal conductivity perpendicular to the
surface boundary, q, was the boundary heat flux, hc was the
convective heat transfer coefficient, T represented the envi-
ronment temperature, ¢ and € were the Stefan-Boltzmann con-
stant and the emissivity respectively. A commercial FEM soft-
ware (ANSYS) was used for the calculations using birth and
death method to simulate the wire deposition process, and the
time step was 7 ms. The Newton—Raphson method was used to
solve the model, which was calibrated by predictor—corrector
method. The model was validated by means of micrographic
analysis measuring the track size. The typical thermo-physical
properties of Ti-6Al-4V are list in Table 4 and model param-
eters were set according to process parameters as displayed
in Table 3. The detailed model description and properties at
various temperatures could be found in [42—44].

3 Results and discussion

3.1 Formability characteristic

3.1.1 Single track

Figure 2 displays the deposited appearance of single tracks

with the G of 2 L/min at different Ppk and t. Almost all
tracks were continuous and uniform, and exhibited silvery
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Table 4 Thermo-physical properties of Ti-6Al-4 V titanium alloy

Thermal-physical property Ti-6Al1-4 V
Solidus temperature, (K) 1878
Liquidus temperature, (K) 1928
Evaporation temperature, (K) 3133
Density of solid metal, (kg/m?) 4420
Density of liquid metal, (kg/m?) 4000
Molar mass, (g/mol) 446.07
Specific heat of solid metal, (J/(kgeK)) 670
Specific heat of liquid metal, (J/(kgeK)) 730
Thermal conductivity at environment temperature, (W/ 7
(meK))
Thermal conductivity at Liquidus temperature, (W/ 28.4
(msK))
Enthalpy of solid at melting point, (J/kg) 1.12x10°
Enthalpy of liquid at melting point, (J/kg) 1.49x10°
Enthalpy change of evaporation, (J/kg) 47x10°
Boltzmann's constant, (J/K) 1.38x 10724

Fig.2 Appearances of single
tracks with 2 L/min gas flow
rate at different peak powers
and pulse durations: (a) 0.8 kW,
7 ms; (b) 0.8 kW, 8.2 ms; (¢)
0.8 kW, 9.4 ms; (d) 1.1 kW,

7 ms; (e) 1.1 kW, 8.2 ms; (f)

1.1 kW, 9.7 ms; (g) 1.4 kW,

7 ms; (h) 1.4 kW, 8.2 ms; (i)
1.4 kW, 9.4 ms

color, indicating the excellent protection effect was achieved
during pPLMWD process. In addition, the similar single
tracks were obtained at 5 and 8 L/min gas flow rates. Fig-
ure 3 exhibits the cross sections of deposited single tracks
positioned in the parameter space of the 3* full factorial test
plan. The width of the tracks and penetration into base metal
fluctuated in a large scale, which were minimal in condi-
tion with low Ppk and t. With increasing the Ppk and ~,
the pPLMWD process transferred from conduction mode to
conduction to keyhole transition mode. At low Ppk and ~,
undercut defects were observed and the metallurgical bond
between deposited metal and substrate was not reliable
because of the insufficient laser energy.

The penetration depth (D), width (W) and deposit height
(H) of single tracks were measured on cross sections. The
D and W increased obviously with increasing the Ppk and
T, while no relationship between H and process parameters
was observed. In order to analyze the D and W comprehen-
sively, the fitted regression models were built. For the D,
the regression model consisted of first order terms of Ppk

.

1000 pm
—
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Fig.3 Cross-sections of single
tracks positioned in the param-
eter space of the 33 full factorial
test plan

181 MOT} S€D

(ury/ 1) 2

pea‘{';o >

and t and second order of t, which could be written as the
following equation.

D(um) = 990.6 X Ppk — 164.74 x t + 12.74 x 1* (5)

This model fitted the data well with R2adj at 96.45%. Fig-
ure 4 shows the corresponding contour plot. The penetration
depth varied in a large range exceeding 600 pm, and the
effect of Ppk on penetration depth was more significant com-
pared with that of t. During pLMWD process, the higher
Ppk increased the laser energy density irritated on the sub-
strate directly, which promoted the melting and evaporation
of base metal and hence increased the penetration depth
significantly. For square shaped laser pulses, the pulse laser
energy (E) is equal to the product of Ppk and <. The larger ©
increased the E within a whole pulse period and promoted
the heat transfer inside the molten pool, giving rise to the
larger penetration depth.

The W regression model consisted of first order term of
Ppk and second order terms as expressed in the following
equation.

W(um) = 1175.6 x Ppk — 421.1 x Ppk* 4+ 59.45 X Ppk x t
(6)
This model fitted the data adequately with R2adj at 99.54%.
The contour plot of this regression model is reported in
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Fig. 4, indicating the W changed between 1100 pm and
1600 pm. Similar to H, the Ppk influenced the variety of W
more obviously.

For building multi-layer walls, the sufficient laser energy
is required to avoid defects such as undercut and incomplete
fusion and obtain reliable metallurgical bonds between lay-
ers. However, the high laser energy would generate excessive
heat accumulation and the resultant large penetration depth
could increase the thermal cycles that the deposited metal
experienced. From these points of view, limited amounts of
width (1000-1100 pm) and depth (350—450 pm) were sug-
gested to provide stable deposition condition with width and
depth values as small as possible. Based on the regression
models, the contour plot of width and depth with limited val-
ues was drawn, as shown in Fig. 5. The Ppk and t were set
at 0.9 kW and 7 ms respectively in the thin-walled structure
manufacturing stage.

3.1.2 Multi-layer deposition

A common problem in directed energy deposition pro-
cesses, namely the mismatch between height increment
(Az) and effective layer height (H), also manifests in
pLMWD. The 10-layer walls with different height incre-
ments at optimized process parameters were built, whose
surface appearances are shown in Fig. 6, and the effect of
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Fig.5 The contour plot of width and depth with limited values

height increment on the wall surface roughness is depicted
in Fig. 7. While the surface roughness measurements are
indicative of the surface micro-scale roughness macro-
scopic defects related to the influence of height increment
are visible. Too low values of Az at 0.28-0.32 mm appear
to generate track instabilities. Conversely at high levels of
Az at 0.44 mm track deviations appear presumably due to
stubbing related defects. In all multi-layer deposition con-
ditions heat accumulation was observed visibly through
the end of the deposition as the thin-walls remained incan-
descently glowing after the turning-off of the laser source.
Such conditions did not occur throughout the single-layer
depositions.

At the 0.28 mm Az, the height increment was lower
than effective layer height (Az < H), and with increasing

the deposited layer the wire stability reduced gradually as
the solid wire could not be melted immediately by laser
and even impact the deposited metal violently, generat-
ing the poor deposition formability and resulting in the
ununiform wall appearance with high surface roughness,
as shown in Figs. 6(a) and 7. With the increase of Az from
0.28 to 0.36, the wall appearance improved and the sur-
face roughness reduced gradually, because the mismatch
between Az and H disappeared. In conditions where the
height increment was greater than effective layer height
(Az > H) the wire was above the deposited metal region
that the laser beam irradiated, and thus large metal droplet
formed before transferring into the molten pool and even
wire detachment occurred, giving rise to the intermittent
pLMWD process. Consequently, while the Az exceeded
0.36 mm, the bulges between neighboring layers were
obvious and the surface roughness of walls increased con-
tinuously with the increase of Az as shown in Figs. 6 and
7. In order to obtain stable condition without a mismatch
between the Az and H, the Az was fixed at 0.36 mm in the
following multi-layer wall manufacturing process.

3.2 Grain structure
3.2.1 Grain characteristics

The single-bead wide walls with 80-layer height were
built utilizing the optimized process parameters and
height increment, whose grain formation, microstruc-
ture transformation and microhardness were investigated.
Figure 8 shows the macrostructures captured by optical
microscope and measured grain size in different regions
of the wall deposited by pLMWD. It could be observed
from Fig. 8(a) that the bottom region of sample contained

@ Springer



The International Journal of Advanced Manufacturing Technology

~0.36 mm —

P "Az=70.3

2 mm

2 mm < - *'%, ‘-:;;. <
" — v > .

Fig.6 Surface appearances of 10-layer deposited thin walls with a) Az=0.28 mm, b) Az=0.32 mm, ¢) Az=0.36 mm, d) Az=0.40 mm, e)
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Fig.7 Surface roughness of walls with different height increments.
Error bars indicate standard deviation

mostly columnar grains, and at the 1% and 2" layers the
grain size ranged from 100 to 1416 pm in length and from
25 to 240 um in width. The grains were larger in the suc-
cessive layers of the bottom region. Almost in all AM
manufactured Ti-6Al-4 V components, the large columnar
prior-P grains, extending over multi layers formed owing
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to a shortage of nucleation sites near the S/L interface
and the solidification conditions favouring the epitaxial
growth of grains from base metal or previously deposited
layers because of similarities in the surface energy and
composition of the metal. The size of columnar f grain
was closely associated with the heat source. As reported
in the literature concerning the same alloy, in the WAAM
produced parts, the width of columnar grain was 0.7 mm
and the length reached 5 mm, while those in LMD pro-
duced parts width could be up to 0.3 mm and length up to
3 mm [25, 44]. Similarly to what was observed in the LMD
and LMWD manufactured samples, the hPLMWD process
with long pulses and thin wire applied in this work failed
to promote the CET in the bottom region of deposited
metal, but it refined the grain size substantially.

As displayed in Fig. 8(b), the application of uLMWD pro-
cess with the conditions given in this work succeeded in pre-
venting the formation of columnar grain in the middle region
where fine equiaxed grains formed with 45 um diameter.
The equiaxed grains were accompanied by short columnar
f grains of 62 um average width and 114 pm average length,
which were found to be finer than those in LPBF manu-
factured samples [26]. The equiaxed grain size was about
only a quarter of that in top region of LMWD wall and less
than one fifth of that in WAAM wall that produced through
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Fig.8 Microstructures of the pnLMWD wall: (a) bottom region; (b) regions .LLMWD wall, WAAM wall produced through applying grain
middle region; (¢) upper region; (d) average size of columnar grains; refining solute and nucleant particles and top region of wire-based
(e) average diameter of equiaxed grain forming in middle and upper LMD wall [24, 35]

applying nucleant particles and grain refining solute, as dis-  other additive manufacturing methods. In the upper region,
played in Fig. 8(e). This was a significant refinement and  the proportion of equiaxed grains increased, and the diam-
great change in grain morphology compared with grains in  eter of equiaxed grain reduced to 36 um while the average
bottom region of pPLMWD build and walls manufactured by ~ width and length of columnar grain decreased to 50 pm and
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94 um respectively, indicating that the CET and the grain
refinement were further promoted at successive layers.

3.2.2 Grain refinement and CET mechanism

Under the identical alloy constitution, the R, G and molten
pool size are undeniably important factors determining
the grain morphology and size during the grain formation
and growth process. Kobryn and Semiatin [41] developed
a solidification map to deduce the grain formation mode
through the R and G, which was widely referenced in the
AM field of Ti-6Al-4V and displayed in Fig. 9(d) to discuss
the transition mechanism from columnar to equiaxed grain
for the conditions studied here. For comparison the solidi-
fication condition of WAAM at the same deposition speed
studied by Bermingham et al. [24] and the typical operating
range for laser-based AM calculated by Bontha et al. [45]
were also provided.

Under conventional WAAM processing conditions, a
small G/R ratio at low thermal gradient, a slow cooling
rate and a large melt pool were generated due to the higher
LED, making it possible to generate only a small amount
equiaxed grains. Bermingham et al. [24] reported that at
LED =1.49 kJ/mm for WAAM the low average thermal

(b)

gradient generated some equiaxed grains, while the grains
were still mostly columnar. The diameter of equiaxed grain
reached 1.5 mm three times larger than those in castings.
Compared to WAAM, the LMWD possesses a higher cool-
ing rate owing to lower LED. Hence, LMWD can potentially
form thinner columnar grains but generating equiaxed grains
is expected to be more difficult because of the high G/R
ratio.

In this study the pulsed Nd:YAG laser source was applied
during pPLMWD process with a LED =0.027 kJ/mm, much
lower compared to WAAM and LMWD. Although this was
unfavourable in terms of larger thermal gradient produced
by lower LED that hindered the CET, the desirable conse-
quence was obtained that a large amount of equiaxed grains
formed in the middle and upper region of the uLMWD
processed wall. Interestingly, the morphology and size of
grains displayed and analysed in Fig. 8 demonstrated both
the columnar and equiaxed grains were refined compared
to WAAM and LMWD processes. As a general rule, the R
could be approximated by the deposition speed, and the G
would increase with decreasing the LED. With that in mind,
the position of uLMWD in the solidification map should be
located above that of WAAM and predict the full columnar
grain morphology, inconsistent with the results. The thermal
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liquidus on the cross-section of the wall; (d) G contour of the initial
stage; (e) G and R during pPLMWD; (d) Ti-6Al-4V solidification map
[41] and a comparison to the WAAM and LAM are also provided
[24, 45]
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process during hLLMWD, therefore, was investigated to ana-
lyse the grain formation mechanism in this paper.

The temperature contour of the initial stage during
pLMWD versus the cross section of single track deposited
under the same process parameters is exhibited in Fig. 9(a),
indicating the numerical temperature contour had a good
correspondence with the phase transformation region dis-
played on the micrograph. Figure 9(b—e) shows the G and
R throughout the deposited metal, and the thermal cycles
and crucial cooling rates at § transus temperature (Tj) in
the centre of the track of different layers are also exhibited
in Fig. 10. During the initial hPLMWD process, the substrate
and deposited metal were repeatedly irradiated by pulsed
laser, and the molten metal generated by a single pulse had
enough time to solidify before the arrival of the consecu-
tive pulse in time, as demonstrated by the thermal cycle
in Fig. 10(a). Given the periodic melting and solidifying
process, the R of pulsed laser hLLMWD far outweighed the
deposition speed, different from the AM process with con-
tinuous heat input. The average G across the whole melt pool
was approximately 1700 ‘C/mm calculated by the tempera-
ture variation and the molten pool depth. Near the S/L inter-
face the G reached 3600 ‘C/mm, higher than average value,
as shown in Fig. 9(b), which was found to remain the same

also with different pulse durations. Meanwhile, the R during
the first layer was approximately 21 mm/s, which was deter-
mined by measuring the moving distance of S/L interface at
neighbouring time steps. The average G and R on the cross
section of the different deposited layers in the wall were
calculated and the specific points in the pool were shown
in Fig. 9(c) while the values were shown in Fig. 9(d). The
G and R in solidification map predicted the columnar grain
morphology during deposition at the first layer. The G and R
during pPLMWD were determined and plotted as a function
of the deposited layer number for exploring the grain forma-
tion mechanism. The results indicated the steep temperature
gradient within the high-temperature metal before S/L inter-
face decreased rapidly as exhibited in Fig. 9(d). By contrast
the R reduced sharply at the initial stage of uLMWD process
and then a sharp decline occurred at the 20" layer because
the molten pool would not solidify within the cooling pro-
cess between two pulse durations due to the accumulation
of heat in the built part as demonstrated in Fig. 10(c). In
the solidification map, the G and R gradually approached
the mixed columnar + equiaxed growth region, providing a
condition that the formation of some equiaxed grains was
possible because of the decrease of G/R ratio, as shown in
Fig. 9(e).
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The principle of the grain formation and growth model
applied at different stages during pLMWD process is illustrated
in Fig. 11. At the first layer, the primary dendrites formed inside
molten pool under a steep thermal gradient in which no solute
diffusion into liquid and constitutional supercooling occurred.
Grains grew epitaxially along the building direction due to the
strongly directed heat flux during solidification process, forming
columnar grains similar to conclusions having been reported in
[1, 45, 46]. According to [47, 48], the prior  grains grew com-
petitively i.e. grains with easy-growth direction < 100> parallel to
maximum temperature gradient could preferentially grow instead
of others, causing the growth direction of grains aligned with
the <100> 4//Nz. At subsequent layers the partially-remelted
columnar grains became nuclei and then the epitaxial regrowth
was ongoing via re-melting and re-solidify processes, produc-
ing long grains extending over multi layers. The arm spacing A
of primary dendrite that characterize the columnar grain width
also depends on the G and R [49], which could be expressed as

A =aG \/2R-1/4 (7

where a is the coefficient related to material properties.
The large G value during pLMWD solidification process

Fig. 11 The illustration diagram
of grain formation and growth
model during pPLMWD: (a)
columnar grain; (b) equiaxed
grain. For the t;-t, time stamps
refer to text for a detailed
description of the event
sequence

(a)

compared to that in the WAAM and LMWD refined the
columnar grains whose growth was also restricted by the
small molten pool size resulting from the low LED and
applying of micro wire. The heat accumulation decreased
the G gradually during the uLMWD process. At the bottom
region above thel® and 2™ layers of the built sample the
G was still too steep to permit the equiaxed grain but the
decrease of G and cooling rate gave rise to the coarsening of
columnar grains. The second scenario was that the number
of grains decreased with increasing the built height as the
growth of unfavourably oriented tips was hindered through
the competitive grain growth [14, 50].

Recalling the macrostructure in Fig. 8, the equiaxed
grains with small diameter gradually took the place of
columnar grains in the middle region and even the remain-
der columnar grains were refined significantly. The question
was why so many equiaxed grains formed and the average
grain size was much smaller compared to grains that formed
in WAAM and LMWD processes in which although the seg-
regating solute and nucleant particles were applied. The first
reason was that the gradually reducing temperature gradient
resulting from the heat accumulation provided the thermal

Columnar

Solidify

(b)f
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condition at the middle and upper region of the building
sample that was yet ready for nucleation. However, even
in the middle region the average G across the whole melt
pool was about 1000 ‘C/mm, higher than that experienced
in WAAM process which was in the order of 100 °C/mm and
mainly produced columnar grains [24]. Albeit the R value
was also large, the pPLMWD processes should form most
coarse columnar grains rather than fine equiaxed grains.
Considering that the equiaxed grains indeed formed, the
most probable scenarios were discussed below.

Due to the existence of temperature gradient, the Maran-
goni force was activated during pPLMWD, causing the rapid
flow and thermal mixing of the molten metal within the melt
pool, and the melt pool and thermal mixing only continue
while the laser pulse was emitted [51, 52]. At the initial
stage of pLMWD, the molten metal would solidify rapidly
as long as the laser pulse passed owing to high cooling rate
and the pool could equilibrate before complete solidifica-
tion, as shown in Fig. 11(a). However, in the middle region
of the sample the molten pool would persist (t;) during the
interval time between two neighbouring pulses as the cool-
ing rate decreases, and the stirring force came back towards
the un-solidified fluid (t,) at the subsequent laser pulse dura-
tion. As illustrated in Fig. 11(b), under the action of stirring
force the dendritic arms before the solidification interface
fractured and then were transferred within the molten pool.
Once the laser pulse passed, the broken dendritic arms were
scattered in the whole pool. The dendritic arms in the high-
temperature zone that was away from S/L interface would be
melted, however, those dendritic arms located in the mushy
zone where the temperature was between the T and Ty
would continue to survive even when partially melted, and
then formed solid particles (t;). These incompletely melted
broken dendrites continue to grow as crystal nuclei during
subsequent solidification. On the other hand, the lower tem-
perature gradient in the middle region expanded the mushy
zone, meaning more nucleation particles were produced
within the pool. Based on classical nucleation theory, only
while the nuclei embryos reached a critical size (1*), the free
grain growth could occur overcoming the interfacial energy
barrier. The nucleation particles distributing within the
pool allow molten metal to touch a larger surface and gen-
erate hemispherical caps, which significantly increases the
nuclei curvature radius above r* and facilitates their growth,
according to the Free Growth theory [53, 54]. Therefore,
the broken dendritic arms that did not fully solidify acted as
nucleation particles in the mushy zone and thus the nuclea-
tion could occur near a suitable particle, forming the equi-
axed grains in the middle region of building (t,). After this
cooling duration, another laser pulse would stir the pool
again and trigger subsequent equiaxed nucleation events,
as exhibited in Fig. 11(b). As the pPLMWD progressed,
the decrease of G and R expanded the mushy zone further,

increasing the amount of equiaxed grains and further refin-
ing the grain in upper region.

3.3 Microstructure
3.3.1 SEM and EBSD

The microstructural distributions in distinctive regions of
the 80-layer wall were investigated by SEM, and the EBSD
analysis was used to quantitatively analyse the phase com-
position as well as o/a’ shape, size and grain boundary. Fig-
ure 12 exhibits the microstructure morphology in the bottom
region of wall and the corresponding EDSD results. The
EBSD phase map displayed in Fig. 12(e) and analysed in
Fig. 12(f) suggests the bottom region of uLMWD produced
Ti-6Al-4 V wall was composed basically of o/a’ phase (HCP
structure) with 7% P phase (BCC structure) distributed in a
dispersed way.

In the first deposited layer right above the substrate dis-
played in Fig. 12(a) the microstructure consisted of primary
acicular martensite o’ with the characteristic of high aspect
ratio, as well as a small amount of o lamellae inside the f
grains. From the IPF orientation map shown in Fig. 12(b)
in this region the primary acicular martensite o’ nucleated
at the prior-f grains boundary and grew within the prior-f
grain, even penetrating the whole grain. Moreover, the finer
secondary o’ was observed clearly between adjacent primary
o', while the finest o/a’ formed among neighbouring sec-
ondary o'. However, above the 3™ layer there was almost
no acicular o' formation and the microstructure distributed
in the columnar prior-f grains was mostly lathy and plate o
with some o lamellae still presented between neighbouring
a plates, displayed in Fig. 12(c) and (d). The microstructural
formation indicated that with increasing the built layer, the
spacing of o/a’ lamellae increased and the martensite o’ was
gradually replaced by a lath. In the bottom region, the o/a’
size was distributed in a wide range of 1.8-53.1 pm with
an average value of 2.85 pm and average aspect ratio of
1.9. Meanwhile the aspect ratio of a/a’ lath varied from 1
to 47, and the large value represented the acicular o’. The
large-angle grain boundaries (HAGBs, > 15°) were predomi-
nant over low angle grain boundaries (LAGBs, < 15°). The
total fraction of HAGBs within 61 +4° and 89.5 + 1° were
63% and 11% respectively. HAGBs were found to be more
desirable as they were better in pinning the dislocations and
increasing strength than LAGBs [55].

From the images in Fig. 13(a)—(c), the microstructures in
middle region of the sample consisted of boundary o out-
lining the prior-p grain shape, and short lamella o and fine
granular o that interwove with each other instead of the acic-
ular o’ and distributed in the equiaxed or columnar prior-f
grain. Hence, it could be observed that the microstructure
transferred into basketweave morphology. The coarse and
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Fig. 12 Microstructures and
EBSD results in bottom region:
(a) SEM image and (b) IPF
orientation map in 1* layer; (c)
SEM image and (d) IPF orienta-
tion map above 3™ layer

fine basket-weave structures appeared alternately, while the
significant decrease in the lamellar length and width was
seen compared to bottom region. The phase composition
and distribution were similar to those in the bottom region,
but there was a significant change in the o size and aspect
ratio in comparison. The distribution areas of grain size
and aspect ratio shifted to the small values of diameter and
aspect ratio compared with the average values at 1.2 pm
and 1.4 respectively. The total fraction of HAGBs within
61.5+4° and 89.5+ 1° were 63% and 16% respectively,
indicating similar grain boundary distribution with that in
bottom region, except that there was a drift upward in the
89.5° boundary.

Moving towards to the upper region, the basketweave
structure of microstructure was maintained, similar in
appearance to that in the middle region of the build, but there
was an obvious change in o« morphology to rod and granular
shapes and the o spacing increased as shown in Fig. 14(a).
In the last layer of the build as displayed from Fig. 14(b) and
(c), the basketweave o structures composed by fine acicular
a’ and lamella a generated and distributed in the prior-p
grains, attributed to the absence of multiple thermal cycles.
Comparison between Fig. 14(a) and (c) indicated there was
a drift downwards in the o spacing at the last building layer;
meanwhile, the morphology of martensite o’ was similar to
that in the initial layer but the length decreased obviously.
The coarsening of a rod in the upper region gave rise to the

@ Springer

slight increase of average o/a’ size from 1.2 pm to 1.4 pm,
while the average grain aspect ratio also increased to 1.7 due
to the presence of long-narrow lath a and martensite o' in
the last layer. In contrast, grain boundary distribution was
almost consistent with that of the middle region.

For AM produced Ti-6Al-4 V parts manufactured through
different heat sources, line energy densities and AM strate-
gies, the microstructures mainly consist of the acicular o
with different size scales and a structures with different
shapes, transferred from p phase at different cooling rates.
Figure 15 depicts the microstructural evolution mechanism
in different regions of pLMWD part. It should be noted
that during the pPLMWD of each layer the microstructure
experienced multiple transformations owing to the repeated
heating and cooling of the pulsed laser beam. As shown in
Fig. 10(a), in the 1*' layer while the temperature dropped
below Ty during the cooling process after the first laser pulse
of thermal cycle 1, the transformation from p to o was inhib-
ited as the fast cooling rate (6050 ‘C/s) limited the atomic
diffusion. With further cooling below martensite transforma-
tion start temperature (My), the acicular a’ was obtained by
non-diffusive transformation, in which the long primary o'
even penetrating the whole grain formed firstly and then o
lath with small size came into being between adjacent pri-
mary o needles, as shown in Fig. 15(a). At later laser pulses
the microstructure forming during the previous laser pulses
were reheated and transferred into liquid or p phase if the
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Fig. 13 Microstructures and
EBSD results in middle region:
(a)-(c) SEM images and (c) is
taken from the rectangle region
in (b); (d) IPF orientation map

g

S0t

AN
1)

g
AT

'

} /z__" VAN N o [ s Z
(c) =k :.»:5:—?1\:&:;,"“ =
us:]\ \\.‘

il

) 2 |
i A e e e e e B
e i e
Do N =S e e e ey LD
i _,:_A._u!;&'qﬁ;—:.—.:ﬁ. = derr-h.}_\" =R
B A e =N
S ﬁ‘ggf Nt =T
e o §

= |

S

Wf‘ ,T_,‘,\E'j"jl 33 :
= -,’.““L e ER R T
:—_:e_——_; S )

e

Fig. 14 Microstructures and
EBSD results in upper region:
(a) SEM images in upper
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T>Ms

Fig. 15 The diagram illustrating T >T>Tg
the microstructure transforma- (a)

tion mechanism in different

regions of pLLMWD wall: (a) 1*

layer; (b) 3™ layer; (c) middle B B

region
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peak temperatures (Tp) exceeded the T or Tﬁ, and similar
microstructure evolution occurred at subsequent re-cooling
process. While new layers were then built, the deposited
metal in the 1% layer experienced similar thermal cycles but
both the cooling rate and Tp, decreased gradually as the laser
source was incremented upwards and heat accumulated. At
the last thermal cycle whose Tp exceeded Tj, the cooling rate
decreased to 800 “C/s that still far exceeded the critical value
(410 °C/s) to produce martensite. During the laser pulse
durations with peak temperatures in the rage of Ty and M, a
small amount of metastable o’ might be decomposed to o+ 8
structure, regard as a transient heat-treatment process [56,
57]. It could be observed from Fig. 10(b) that the cooling
rate at Tj in the first thermal cycles that deposited metal in
3" Jayer experiences approached 4150 “C/s, and thus acicular
o formed similar to 1% layer. The cooling rate at T reduced
to 160 “C/s with the progress of uLMWD, causing o lamella
formed by diffusive transformation besides the martensite o'
as displayed in Fig. 15(b). Also, more metastable o’ could be
decomposed in the following re-melting and re-solidifying
processes.

In middle region with the temperature cooing up to T
during the thermal cycle 1, o nucleation occurring in the
strain field of dislocations within the prior p grain would
be promoted owing to the further decrease of cooing rate as
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shown in Fig. 10(c), and then more nuclei grew into short
o lamella within the strain field which interwove with each
other and formed basketweave structure [2]. In contrast, the
formation of acicular o’ was limited. Because the deposited
metal was heated and cooled repeatedly, the basketweave
microstructure would coarsen at gradual decrease cooling
rate as shown in Fig. 15(c). Attributed to the absence of
long acicular o’ and lath «, there was a significant decrease
in the average o/a size and grain aspect ratio compared to
bottom region. The similar basketweave structure including
coarsening lamella and granular o formed in upper region
resulting from the lower cooling rate during thermal cycles.
However, in the top surface region the microstructure was
predominantly short o lamella and acicular o’ constituting
basketweave structure due to the absence of thermal cycles.

3.4 Microhardness

Figure 16 displays the microhardness distribution on the
cross section of the pPLMWD deposited wall, and clear
dependence on the wall height could be found. The micro-
hardness in the 1*t and 2" layers of the wall was significantly
higher than that in the base metal because of the formation
of martensite o, and by comparison the microhardness from
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3" Jayer to 5™ layer decreased obviously, attributed to the
increase of columnar prior-f} grain size and the generation
of « lath instead of a'. With increasing the deposited layer
further, the equiaxed grain formed gradually and the grain
refined significantly as mentioned above, bringing more
grain boundaries. Besides, there was an obvious decrease of
the o size, and the long lath a was replaced by basketweave
structure constituting by fine a needles. Consequently, the
microhardness increased after 5" deposited layer and then
almost remained unchanged in the upper part of the lower
region and the whole middle region of the wall. At the top
region of the wall, the highest microhardness was obtained,
attributed to the small grain size and short o lamella and
acicular o’ microstructure because of the absence of multi
thermal cycles during the uLMWD process.

4 Conclusions

This work investigated the formability characteristics, grain
growth and microstructure evolution during pPLMWD of
Ti-6Al-4V alloy and succeeded in refining the grain size
substantially and promoting the CET in the pPLMWD pro-
duced wall. The thermal and kinetic sensitive factors affect-
ing the CET and microstructure transformation during
pLMWD were explored and the microhardness of the wall
was analysed.

(1) The effects of the peak power, pulse duration and
gas flow rate of argon on the deposited formabil-
ity were analyzed and optimized process parameters
were obtained by building the fitted regression mod-
els and presented the chosen depth and width of the
single track. And, the height increment for multi-layer
walls was optimized to obtain stable condition during
pLMWD process.

(2) Additive manufacturing process was thermally
modelled in the initial layer of the wall. The calcu-

Fig. 16 The microhardness

lated large G/R value is expected to promoted the
formation of columnar grain, but the small molten
pool size and steep temperature gradient restricted
the grain growth, generating columnar grains with
smaller grain size in bottom region of the wall com-
pared to those produced in WAAM and LMWD.

(3) Inthe middle region of the wall, the decrease of G/R
ratio tended to provide a condition favouring the
formation of equiaxed grain, and nucleant particles
are expected to be formed in the mushy zone by the
Marangoni force, increasing the curvature radius of
nuclei above r* and facilitating their further growth
to form equiaxed grains. The CET was promoted
and fine equiaxed grains of 45 um diameter, and
short columnar P grains of 62 um average width and
114 um average length formed, even finer than those
in LPBF manufactured samples. Attributed to the
continuous decrease of G and R and the expansion
of mushy zone between neighbouring pulse dura-
tion, the proportion of equiaxed grains increased in
the upper region, and both the equiaxed and colum-
nar grains refined further.

(4) With a pulse duration of 7 ms the calculated cooling
rate at T varied from 6050 C/s to 800 “C/s at ini-
tial layer, generating the acicular o' by non-diffusive
transformation and increased the microhardness. The
heat accumulation decreased the cooling rate during
pLMWD and hence reduced the acicular o, decreas-
ing the microhardness in the bottom region of the wall.
The short o lamellas formed within the prior p grain
due to the continuous decrease of cooing rate, which
constituted basketweave structure and coarsened at
subsequent thermal cycles. The refined grains and fine
basketweave microstructure increased the microhard-
ness significantly. Meanwhile, o lamellas coarsened
gradually because of the low cooling rate exceed the
top region where multi thermal cycle was absent and
highest microhardness was observed.
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The work underlines that the uLMWD process provides
adequate thermal conditions for achieving a highly desirable
microstructure for enhanced mechanical properties. How-
ever, the geometrical capabilities should be further studied.
The use of a similar pulsed wave emission strategy with
coaxial wire feeding may allow to improve the geometri-
cal capabilities combined with multiple axes or a robotic
manipulator. The use of multiple heads can be beneficial
for improved productivity. Considering the lower thermal
load applied throughout the uLMWD process compared to
the other DED processes, the process stability may be more
easily maintained despite the use of multiple heat sources
around the built part.
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