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Abstract A deposition process based on pulsed laser process-
ing and wire feeding was employed in this study to fabricate
high-performance components. The microstructural morphol-
ogy and evolution of SUS304 austenite stainless steel were
examined in detail. The thin wall and ladder block samples,
considered as two representative structures of metal additive
manufacturing, were deposited. It was found that the micro-
structure is homogeneous in all the deposited samples. For the
thin wall, columnar grains, which are normal to the substrate
with a growth tendency to the surface and scanning direction,
dominate the deposition. Columnar grains along the cooling
gradient and equiaxed grains are both observed in the surface.
These different grain morphologies result in different micro-
hardness values, and the microhardness in pulsed laser depo-
sition is universally higher than that in a 304 cold rolling metal
substrate. For the ladder block, columnar grains are observed
along various directions. Further, it is found that the variation
in the shape of the molten pools is an essential reason for the
evolution of the microstructures with the addition of the de-
posited layers. It not only change the nucleation condition and
cooling directions near the boundaries in the molten pools, but
also leads to a recrystallization along the new cooling direc-
tions in the heat-affected zone.
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1 Introduction

Metal additive manufacturing (AM) technology, which in-
volves fabricating components by depositing raw metallic ma-
terials via a predetermined path, has received tremendous at-
tention in recent years. Research studies indicate that AM
technology has the potential for rapidly prototyping metallic
components with lower cost and higher efficiency compared
to traditional manufacturing methods [1, 2].

Currently, various methods are being proposed for achiev-
ing metal AM with different forms of raw materials or energy
sources. Using metal powders as raw materials in spraying
powder-based processes and powder bed-based processes for
metal AM is of more concern to researchers. Although
powder-based processes have enabled the successful fabrica-
tion of some engineering components in commercial applica-
tions [3, 4], they also have some associated problems. The
utilization of metal powder is limited, and the quantity of
metal powder strongly affects the quantity of deposition [4,
5]. In particular, for powder bed-based processes, the porosity
defect caused by unmelted metal powder always remains in
the deposited parts. Consequently, powder bed system is re-
stricted to fabricating fully dense parts directly [6—8]. Some
post treatment techniques have been proposed for enhancing
the mechanical properties of powder-based metal AM compo-
nents. Previous studies have proven that post heat treatment
such as hot isostatic pressing (HIP) effectively reduces the
porosity during deposition and improves fatigue strength of
the components fabricated by powder-based metal AM
[9-11]. However, post treatment is limited in its ability for
eliminating high porosities or the tunnel defect that breaches
the surface [12].

A metal wire-based deposition process offers significant
advantages of low cost, high utilization of raw material, etc.
[13]. Several types of metal wires have been researched

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-017-0625-2&domain=pdf

3358

Int J Adv Manuf Technol (2017) 93:3357-3370

including wires of titanium alloy [14—17], nickel-based high
temperature alloy [18-20], and iron-based alloy [21, 22].
Generation of metal wires is much easier than that of metal
powders, and the wire feed control is a mature process owing
to its related applications in the field of welding. Researchers
at NASA Langley research center reported a high deposition
rate of 2500 cm’/h for bulk metal deposition under electron
beam freeform fabrication (EBF’) process by metal wire of
different materials, including aluminum and titanium alloy
[23]. Nie et al. used the laser hot wire (LHW) process for
depositing an H13 steel wire at a rate of 3.46 kg/h (441 cm?/
h) using a laser beam with a power of less than 10 kW, which
showed the possibility of depositing a metal efficiently via a
wire-based process [22]. Because a complete densified com-
ponent can be deposited by the wire-based process, it has the
potential for fabricating components with high mechanical
properties in a single step. Nonetheless, significant investiga-
tions need to be further performed with regard to the wire-
based process for the purpose of attaining a non-defect depo-
sition with good microstructures [14-22].

It is known that microstructures play a decisive role in the
mechanical properties of the deposited material regardless of
the influence of defects. Previous studies have suggested that
microstructures formed under different types of energy
sources are similar for the same metallic material. It is found
that coarse columnar grains, which grow epitaxially from the
substrate, always dominate in the deposition [14-22]. The
large amount of heat accumulation during a continuous heat
input lead to a significant residual stress, which makes the
deposition prone to cracking. On this basis, although the ten-
sile strength comparable to that of cast or forged parts has been
obtained in some AM processes [24], the fatigue properties
and qualified rate of metal AM parts are still difficult to match
the industrial demand [25].

In general, finer microstructures are formed under a faster
cooling rate, and the grain growth direction is always along
the cooling direction. The relationship between the cooling
rate and the microstructure of the deposits has been demon-
strated by previous studies. Researchers can control the
cooling rate by using different external cooling devices or by
applying different deposition parameters [26, 27]. In one case,
the terminating microstructure morphology obtained by dif-
ferent deposition processes was observed for evaluating the
characteristics of the deposition via a specific process. In the
other case, the evolution of microstructures was studied for
acquiring the cooling history of a deposition process, based on
which a general methodology for controlling the local micro-
structure can be further proposed. Furthermore, the energy
input directly impacts the thermal history of molten pools
and depositions. In a traditional metal AM process, the energy
source is always continuous, which results in the continuous
heating of the depositions. Consequently, inhomogeneous mi-
crostructures will form in the depositions, under different
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cooling conditions, in each layer of the deposition owing to
heat accumulation [15, 16].

A pulsed energy process has the characteristics of shorter
heating time and higher instantaneous power compared to
continuous energy for the same overall power input. Pulsed
energy has been widely used in thin plate welding because of
the low thermal shock to the metallic material [28, 29]. In the
field of metal AM, some researches using pulsed laser or arc
as the energy source have also been reported [30—32]. In par-
ticular, Nassar et al. compared the difference between a con-
tinuous laser input and a pulsed laser input in a spraying
powder-based process. They found that the pulsed laser depo-
sition of TC4 showed homogeneous microstructures as well
as indentation hardness with deposition height while the con-
tinuous laser deposition of TC4 showed a statistically signif-
icant decrease in hardness and an increase in lath width near
the middle of the deposition [33]. Morgan et al. used a pulsed
laser for depositing 316-L stainless steel in a powder bed-
based process. The deposition had no unmolten metal powder
and the residual stress on the deposition was significantly
decreased [31]. Generally, the pulse parameters (pulsed
width/frequency) of a pulsed energy input process significant-
ly influence the resulting deposition. If the energy of each
pulse is very low, the metal will be unable to melt. If the
energy of each pulse is very high, excessive vaporization of
the metal and plasma will occur, which will restrain the ab-
sorption of energy.

To fabricate components with good mechanical properties
and at a low cost, our research group developed a hybrid
machining tool based on additive and subtractive processes,
of which the additive process used a pulsed laser and wire
feeding [34]. A series of preliminary studies were performed
for the pulsed laser-based deposition process with a metal
wire. In this work, the morphology and evolution of the mi-
crostructure in SUS304 austenite stainless steel depositions
are further studied. According to the structures that commonly
exist in additive manufacturing components, the thin wall and
ladder block structures were deposited as two types of samples
in this investigation. All the deposited samples are observed in
two orthogonal sections.

2 Experimental procedure

2.1 Methodology of pulsed laser deposition with metal
wire

2.1.1 Experimental setup

A hybrid machining device based on laser deposition and
milling was employed in this study. The overall structure of
the device is shown in Fig. 1 and the part involved in laser
deposition is marked with dashed lines. The laser beam is
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2.1.2 Material

The metal substrate and wire used in this study were both
composed of SUS304 stainless steel. The diameter of the met-
al wire was 0.6 mm. The chemical composition of SUS304 is
provided in Table 1. The substrate was an industrial cold
rolling plate. Before the experiment, the surface of the sub-
strate was polished and cleaned with acetone and alcohol to
remove impurities such as oil stains and surface oxide.

2.1.3 Deposition process of samples

The thin wall and ladder block structures, which are consid-
ered as representative structures in metal AM, were deposited
as the samples in this study. The parameters used in this study
were based on the previously reported preliminary investiga-
tion of our research group [34].

Figure 2 illustrates the method of energy input and wire
feed. The input current (/) for the laser generator is a square
wave of 300 A. The pulse repetition frequency is 3 Hz with
4 ms as the width of the pulse (Fig. 2a). The average energy of
single-shot pulsed laser measured with a commercial
joulemeter is 38 J. Based on our experience, using a negative
defocus laser beam as an energy source is a better method for
attaining a smooth side surface. The smoothening of the side
surface is a result of the action of gravity and surface tension

Table 1 Components of 304 stainless steel used in this work (wt%)
C Si Mn Cr Ni S P Fe
<0.08 <1.0 <20 18.0-20.0 8.0-10.0 <0.03 <0.05 Bal

Deposition

_______________ |
1 Surface :
tension |

Remelting zone on
the side surface

Gravity

Fig.2 Energy input and wire feed method: a Wave of current input and b
positions of the laser and wire feed. In a, 300 A is the input current, 4 ms
is the width of the pulse, 333 ms is the interval time between the two
adjacent input current according to the frequency of 3 Hz, and 38 J is the
average energy of single-shot pulsed laser. b Position / shows the action
of gravity and surface tension owing to the remelting on the side of the
deposition under the negative defocused laser beam

owing to the remelting on the side of the deposition under the
negative defocused laser beam (Fig. 2b).

Figure 3 shows the scanning strategy of the thin-wall struc-
ture, in which the deposition directions are indicated by ar-
rows. Eight different thin-wall samples were deposited with 1,
2,3,5,8,13,21, and 34 layers, which are referred to as S1,
S2, S3, S5, S8, S13, S21, and S34, respectively. The
processing parameters for the thin wall sample are re-
corded in Table 2. Moving distance of the Z-axis in
each layer in S1-S34 samples is recorded in Table 3.
In this study, the shapes of molten pools vary with the
deposition process. Therefore, the increase in height of
depositions are different in each layer of depositions,
which will be lower in the first few layers and be stable
after nine layers of the depositions, as shown in
Table 3.
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Scanning strategy
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direction

Fig. 3 Scanning strategy of the thin-wall structure. The deposition
directions are indicated by arrows

Figure 4 shows the scanning strategy of the ladder block
structure. The processing parameters for the ladder block were
the same as those for the thin wall, as listed in Table 2. Six
different ladder block samples were deposited with 1, 2, 3, 5,
8, and 13 layers, which are represented as X1, X2, X3, X5,
X8, and X13, respectively. The scanning path is always along
the same direction from the beginning of each layer, as
depicted in Fig. 4a, in which the deposition directions are
indicated as arrows. The overlap ratio for each adjacent bead
is 0.5, and the beads in a particular layer are always deposited
exactly over the corresponding beads of the previous layer, as
shown in Fig. 4b. Herein, the “overlap ratio” is recorded as
OV,, and calculated using Eq. 1:

OV, = OL/W (1)

where OL is overlap width and W is single bead width, as
shown in Fig. 4b.

Furthermore, for recording the temperature history of the
molten pool in the deposition process, infrared thermography
was applied. The corresponding method is illustrated in Fig. 5.
The FLIR X6530sc was the infrared thermo-graph used in this
study.

2.2 Observation process of microstructures

Figure 6 shows the different sections for metallographic ob-
servation, which are represented as sections X and Y. Section X
is normal to the scanning direction, while section Yis parallel
to the scanning direction. All the cross-sections were made by
wire cutting. The metallographic samples were mounted,
ground, and polished. The sample sections were electrically
etched by 10% oxalic acid and 3—4 V electrolysis voltage for

about 30 s. Microstructures were observed by an ordinary
optical microscope and a laser confocal microscope. The
OLS4100 OLYMPUS was used as the laser scanning confocal
microscope in this study.

3 Experimental result
3.1 Microstructures of thin wall samples

The macro appearance of section X in the thin-wall
samples is shown in Fig. 7 (contours of the molten pool
in the top layer are outlined, which are discussed sub-
sequently). The microstructures in sections X and Y are
observed for all the samples, but only typical results are
displayed in this paper. Since the microstructural mor-
phology is mainly combined with directional columnar
grains, it is described by both grain growth directions
and grain size. The different grain growth directions on
local positions will cause the anisotropy of depositions,
which will influence both the integral and local mechan-
ical properties.

3.1.1 Microstructural morphology

With a rapid solidification process, the internal microstructure
is homogeneous with fine columnar dendrites in the thin wall
samples. Only primary dendrites are observed. The micro-
structure morphology is similar in each thin wall sample,
and the microstructure of substrate consists of typical
equiaxed austenite grains with few twin grains.

Figure 8 presents the microstructures at different positions
in section X of sample S34. Because the cooling rate is ex-
tremely fast and no subsequent remelting or heat accumulation
occurs in the substrate. It is found that the boundary between
the deposition and substrate is extremely clear. Fine vertical
columnar grains grow along the fusion lines and no obvious
heat-affected zone (HAZ) is present (Fig. 8, position 5).

All the middle positions are composed of fine columnar
grains with strong directionality (Fig. 8, positions 24, the
arrows show the grain-growth directions). The width of the
austenite columnar grains is only about 1.5 pm and it is con-
stant in these positions. On the contrary, in a typical continu-
ous energy input deposition, an inhomogeneous microstruc-
ture always appears with a few differently sized coarse colum-
nar grains in the multiple layers [14-22]. Wang et al. and

Table 2 Processing parameters

for deposition of thin-wall sample Parameter ~ Energy of Laser Width ~ Repetition ~ Wire Scanning Defocusing
single-shot input of frequency  feeding velocity distance
pulsed laser current pulse speed
Value 381 300 A 4 ms 3 Hz 4 mm/s 25 mm/min  —10 mm
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Table 3 Moving distance of Z-axis in each layer (mm)

1st-5th layer 6th—8th layer >0th layer

S1-S34 0.1 0.2 0.3

Nassar et al. had obtained similar results about the stability of
the internal microstructure of a titanium alloy under a pulsed
energy input, which might be a special microstructural char-
acteristic of pulsed energy-based deposition [15, 33].

On the top and side surfaces, a particularly fine-grain re-
gion appears, whose thickness is about 20 um on the top
surface and 10 pum on the side surface (Fig. 8; positions 1, 6,
and 7). The grains in these areas have a “cellular shape.” It is
known that nucleation always begins at the bottom of the
molten pool and the grain grows along the normal direction
of the fusion line. Furthermore, when the solidification
reaches the surface of the molten pool, the liquid metal is left
to a small region on the surface, which implies that the tem-
perature gradient is strongly reduced in this region.
Consequently, production of equiaxed grains on the surface
is induced.

At the bottom of each molten pool, a special relatively
coarse columnar grain region emerges (Fig. 8, position 6).
The width of the coarse columnar grains is about 3 pum in

a Scanning strategy
Deposition 7
direction
n-1 X
b

Deposition path

Single bead

width W

Overlap ratio = OL/W = 0.5

Fig. 4 Scanning strategy of the ladder block structure: a scanning
strategy and b sketch of overlap and deposition path. a The deposition
directions are indicated as arrows. b The deposition path of the beads in a
particular layer is indicated by a red arrow on the right side

section X. This region is particularly clear on the top of the
deposition, particularly in the side position (Fig. 8, position 8).
In the deposition process with continuous energy input, a
“layer band” always exhibits with different grain morphology
between adjacent layers, which is caused by the remelting of
previous deposition [35-37]. When the pulsed energy input is
applied, each pulse energy will cause a remelting of the pre-
vious deposition. The production of coarse grains indicates a
slower cooling rate in the remelting region near the fusion
lines, especially for the side position.

Figure 9 shows the typical microstructure in section
Y of the thin wall samples, which exhibits a similar
variation about the grain growth in the deposition direc-
tion of each layer. In each individual deposited layer,
the columnar grain-growth direction varies significantly
in section Y, which can be explained by the different
grain-growth directions in different positions of the sin-
gle molten pool (Fig. 9, position 1, the arrows indicate
the grain growth directions). The columnar grain always
points to the scanning direction and grows along the
normal direction of the fusion line in each molten pool.
Consequently, the length direction of the columnar grain
becomes horizontal gradually from bottom to top in the
same deposited layer. In particular, the fine grain found
in the top surface is a mixture of equiaxed grains and
columnar grains along the scanning directions as
depicted in position 2 of Fig. 9. When the columnar
grains are almost parallel to the scanning direction, the
cellular shape grains appear in section X. The diameter
of equiaxed grains and the width of columnar grains in
the surface of the deposition are less than 1 pm, which
are finer than the columnar grains in the middle
positions.

Infrared

thermograph
Laser generator

Wire feed

Deposition

N
\ Numerical control

worktable

304 Substrate

Fig. 5 Schematic of the method for recording thermal history
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Fig. 6 Sections for metallographic observation in a thin wall and b
ladder block. Section X is normal to the scanning direction, while
section Y'is parallel to the scanning direction

3.1.2 Microstructural evolution

Figure 10 shows the tendency of grain-growth at the
same position in section X of different thin wall sam-
ples. The growth direction of the columnar grains is
traced in each picture. Although the same position is
compared, different grain morphologies are observed
for different samples because of the effects of reheating
and remelting (Fig. 10a). The grain growth direction in
the remelting zone and the grain morphology in the
previous deposition are both changed (Fig. 10b). In
the beginning of the deposition process, the grain

Fig. 7 Appearance of section X'
of thin wall samples with different
layers

@ Springer

growth direction is vertical and points to the center of
the top surface. With the increase of deposited layers,
the top surface remelts and new microstructure morphol-
ogy is formed. The direction of grain growth tends to
gradually become epitaxial. The grain growth direction
becomes stable after a 13-layer deposition.

3.2 Microstructures of ladder block samples

Because the directions of grain morphology in the lad-
der block samples is more complicated, different posi-
tions in both sections X and section Y are synthesized
for explaining the three-dimensional morphology of the
grains at different positions.

3.2.1 Microstructural morphology

The microstructures of sections X and Y in the ladder
block sample X13 are shown in Figs. 11 and 12, re-
spectively. The top surface of the ladder block has a
chaotic grain morphology (Fig. 11, position 1). Various
grain morphologies are formed on the surface of section
X, which may be a result of columnar grains with dif-
ferent directions synthetically considered with section Y.

It is found that vertical columnar grains dominate in
both sections X and Y, and the length direction of the
columnar grain gradually becomes horizontal from bot-
tom to top in the same deposited layer, which is similar
to the thin wall case (Fig. 12, position 2). Additionally,
for the ladder block, each deposited bead is based on
both an adjacent bead and previous depositions.
Therefore, compared to the thin wall samples, shapes
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of the molten pools in the ladder block samples are
asymmetrical, which result in different cooling direc-
tions and surface tension directions. Consequently, the
microstructures are more complicated at all positions of
the ladder block structures. Several different morpholo-
gy grains are found within the fusion lines of the mol-
ten pool (positions 1 and 2 in both Figs. 11 and 12,
referred to as the “special grain region”). This special
grain region has a macroscopic “triangular shape.”
Moreover, it is found that the bottom boundary of the
ladder block is unclear with several interlaced fusion
lines because of the overlap process. The coarse

Scanning
direction

Fig. 8 Microstructures at different positions in section X for sample S34. Fig. 9 Typical microstructure in top surface of section Y of the thin wall
2-5 The arrows represent the grain-growth directions samples. The arrows indicate the grain growth directions
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Fig. 10 Evolution of grain
growth direction in the thin wall
samples: a grain morphology at
the same position in different thin
wall samples and b variation of
grain-growth. a, b The solid lines
indicates the terminal grain
morphology. a The horizontal
axis shows the thin wall samples
of S1-S34 and the vertical axis
shows the different positions in
the deposition direction. b The
dashed lines indicate the previous
grain morphology, and the arrows
indicate the variation of grain
morphology

Position

P8

P5

P3
P2
Pl

S1 S2 S3 S5 S8 S13 S21 S34

/ Remelting zone

S8 Hcat affected zone
(HAZ)

Special grain region

v/

Fusion line

Fig. 11 Microstructures observed in section X of ladder block sample X13

Special grain region

Special grain region

N\

Fusion line

Unclear bottom boundary

Fig. 12 Microstructures observed in section Y of ladder block sample X13
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Section X Section Y

Extremely chaotic grain morphology

Lamellate grain

Fig. 13 Microstructures in the top position of sections X and Y of each of
the ladder-block samples

3365
a Increasing about the
width of a columnar grain Width direction
Section X —~—
\. Secsion Y / j
. //
< \D
b .
Increasing about the
Section X width of a columnar grain
—_—
.
L
D I

| Width direction
Section Y L
Lamellate grains in surface

Fig. 14 Grain shapes observed in sections X and Y for different grain
morphologies: a vertical grain and b horizontal grain

austenite equiaxed grains of substrate is not completely
melted, and the columnar grains are recrystallized inside
these coarse equiaxed grains in this area (Figs. 11 and
12, position 3).

3.2.2 Microstructural evolution

Microstructural evolution is also observed for ladder
block deposition. Generally, the deposition process for
ladder block samples is more stable because the multi-
ple beads in each layer lead to a smooth surface for the
previous layer in the next layer deposition process.
Therefore, the variation of the microstructure at the
same position of different ladder-block samples is not
obvious.

However, the microstructures on the top surface of
different samples are clearly changed, particularly for
samples X1-X3. Figure 13 shows both sections X and
Y of the ladder block samples with different deposited
layers. It is found that the top profile of section Y in X1
and X2 is quite uneven, and a clear fluctuation is ob-
served even in a single molten pool, which indicates the
deposition process in this position is unstable. The grain
morphology near the top surface is extremely chaotic in
the first two deposited layers. Figure 14 displays that
grain shapes are formed in sections X and Y for differ-
ent grain morphologies. Comprehensively considering
the two-section microstructural pictures, it is found that
several grain shapes are produced at these positions.
The chaotic microstructure morphology can be
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explained in terms of the increase of the width of co-
lumnar grains (Fig. 14a) and the versatile directions of
the columnar grains. When the width of the columnar
grains is large enough, lamellar grains are formed
(Fig. 14b), a feature that is observed in case of deposi-
tion of 1-2 layers. With the additive process of ladder
block, the chaotic extent of grains near the surface de-
creases gradually, and the grains on the surface instead
become more directional with the deposition process.
The fine columnar grains that point to the scanning
direction dominate the surface finally.

3.3 Defects

The internal defects of the pulsed-laser deposition with
metal wire include incomplete fusion, cracking, and po-
rosity. Figure 15 displays the typical incomplete fusion
defects, which are considered to be the most common
defect in the depositions formed by a pulsed-laser input
and wire feed, particularly for the ladder-block
structures.

Figure 16 illustrates the origin of incomplete fusion
defects generated in ladder block samples (the arrows
show direction of filling up of the liquid metal). The
incomplete fusion defect is prone to be produced by an
overlap process between the nearby beads or layers in
the deposition process. Since the top surface of each
layer of ladder blocks always fluctuates, the liquid metal
has difficulty in filling up an uneven surface in a very
short solidification time.

Moreover, in the pulsed laser and wire-based deposi-
tion processes, the molten pool is only 2-3 times great-
er than the diameter of a fine wire. In such a case, laser
energy will be largely reflected or absorbed by the wire.
Consequently, the metal wire may not sufficiently melt
to form a stable metallurgical combination with the
droplet. Furthermore, under an extremely fast solidifica-
tion process, the wire feed speed is also limited. The
wire feed speed must be adjusted to suit a stable depo-
sition process.

_ /7
Incomplete fusion gap #

Fig. 15 Typical incomplete fusion defects in pulsed laser and wire feed
depositions
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4 Discussion

4.1 Formation and microhardness of the microstructural
morphology

In the melting and solidification process of laser deposition,
the formation of microstructures depends on the thermal his-
tory of the deposited metal. In pulsed laser deposition with a
metal wire, the formation of a molten pool is also pulsed. The
duration time of a pulsed laser input is 4 ms with 3 Hz pulsed
frequency, which indicates that the heating input process is
only 4 ms and the balance 329 ms is for the solidification
and cooling processes in an overall single-pulsed process.

Figure 17 shows the typical history of the highest temper-
ature of the molten pool (the average temperature for the cen-
tral region of the molten pool) recorded by infrared thermog-
raphy during the pulsed laser deposition process. According to
the database of FLIR Systems Inc., the emissivity in this ex-
periment was set to 0.28 (773-1773 K, 304 stainless steel,
polished). The value recorded in the low-temperature region
had a significant error, which is not discussed in this paper.

Four characteristic points are marked in a typical pulsed
laser beam (Fig. 17a). Under the effect of thermal radiation
by the photo-plasma and metal vapor, a very high peak tem-
perature emerges in the beginning of the pulsed process (point
1). After 4 ms of the heating process (point 0 to 2), the solid-
ification process starts. The molten pool is completely cooled
down to an unmeasured temperature during this time, which is
shown in Fig. 17b. The liquidus and solidus temperatures are
evaluated to be 1723 and 1663 K, respectively, for austenite
stainless steel according to a previous study by Li et al. [38].
On this basis, the cooling rate in the solidification process can
be estimated as the temperature gradient from points 2 to 3,
which is 1.7 x 10° K/s. Since an approximate value of emis-
sivity was used, while no exact emissivity value in the totally
same conditions of this experiment was known, the measured
temperature gradient was only used for a reference of its
magnitude.

According to the previous work of Katayama et al. [39], the
relationship between the primary dendritic arm spacing and
cooling rate for austenite stainless steel is given by Eq. 2:

d =807 "% (2)

where T is the cooling rate and d is the primary dendritic arm
spacing. When 7' = 1.7 x 10° K/s, the primary dendritic arm
spacing is 1.5 pum.

In addition, for the welding process with a continuous en-
ergy input, the cooling rate of the central line of the molten
pool can be estimated by the Rosenthal solution (Eq. 3) [40]:

dT__ Vo2
o= ZWkaQ(T To) (3)
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Fig. 16 Origin of incomplete fusion defect generated in ladder block
samples

where d7/dt is the cooling rate, & is the thermal conductivity, v
is the scanning velocity, « is the absorption rates of the energy
input, Q is the energy input, 7'is the liquid-phase temperature,
and Ty is the environment temperature.

For the laser deposition process based on a continuous energy
input, the cooling rate in the central line of the molten pool can be
approximately estimated to be 10° K/s via Eq. 2 [32]. This esti-
mated value is about 100 times smaller than the cooling rate
measured in this experiment. Consequently, an extremely fine
microstructure is formed with the process used in this study. In
addition, the slower cooling rate corresponds to a larger heat
accumulation, which is a prominent characteristic in the contin-
uous energy-based deposition process. However, when pulsed
energy is used, the heat will not be over accumulated in the
deposition on rapid solidification, and a homogeneous micro-
structure morphology is produced in the direction of the deposi-
tion under a more even initial thermal condition [13, 32].

Furthermore, the micro hardness test of the thin wall sam-
ples is performed for elucidating the relationship between the
different grain morphologies and micro mechanical

Fig. 17 Typical history of the a
highest temperature of the molten
pool a under a single-pulsed laser
beam and b under ten consecutive

Solidification process

properties. Because of the similar distribution regulation of
microstructure morphologies in the different layer samples,
only sample S5 was taken as example in this work.
Figure 18 shows the microhardness values of different posi-
tions in section X of S5. The arrows perform the decreasing
tendency of micro hardness from the interior to the surface.
The measurement is in accordance with GB/T4340.1-2009
(standard of China), of which the errors in measured values
are limited within 6% [41]. The average microhardness of the
rolled austenite stainless steel substrate is 200 HV » (position
4). In addition to the surface of the deposition, microhardness
in the middle position reaches between 230 and 267 HV,,
(position 3), while the microhardness value is 208-213 HV,,
(position 1-2) at the surface position, which is also higher than
that in the substrate.

Combined with the observation results of grain morpholo-
gy, it is found that microhardness in the surface positions is
lower than that in the middle positions, while the grain size in
the surface positions exhibits an opposite trend. Considering
that the mixture of equiaxed grains and columnar grains along
the scanning directions are observed in the top surface, it in-
dicates that the different microstructure morphologies in local
positions result in different micro hardness values. With the
process used in this experiment, the average micro hardness is
about 1.25 times as that of the cold rolling substrate made of
austenite stainless steel. The special microstructure found in
the surface results in a lower micro hardness, which is consid-
ered to be a valuable feature for the following study of surface
subtractive machining process.
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Fig. 18 Micro hardness values at different positions in section X of S5 (HV,)

4.2 Mechanism of microstructural evolution

It is found that microstructures always vary with the different
shapes of molten pools. Mostly, the shapes of molten pools
represent the initial geometric conditions of nucleation and the
heat effect. Therefore, if the shape of each molten pool is
changed during the deposition process, the formation of mi-
crostructure will change concomitantly.

Figure 19 shows the different droplet transfers in the thin
wall and ladder block processing (The arrows show the
cooling direction in a molten pool). Because of the molten
pool boundary from an adjacent bead, the liquid bridge in
the ladder block deposition processing is also asymmetric,
which induces the versatile grain growth direction in this po-
sition. A cooling direction that points to an adjacent bead
being produced and more types of grain morphologies are
formed under this basis.

The microstructure-evolution phenomenon is particularly
clearly visible in thin wall depositions. Figure 20 shows the
profiles of the top molten pools of each thin wall sample. (The

Ladder-block

Thin-wall

Overlap
direction

bead

Symmetric
liquid bridge

bead

/_
) pool

/\ T
Special

grain region

Deposition
direction

Symmetric
liquid bridge

Metal wire

Fig. 19 Effect of the droplet transfer method on the thin wall and ladder
block depositions

@ Springer

profiles are delineated from Fig. 7). Because of the effects of
pulsed laser, several fusion lines are seen within the one-layer
deposition. The fusion lines that are present throughout the
entire width direction of section X can be regarded as the
boundaries between adjacent layers. (The arrows show the
grain-growth direction in this molten pool.) In the beginning
of the thin wall deposition, the outer contour of section X
presents a continuous curve shape, which indicates that the
top molten pool almost covers the whole surface of deposi-
tions. Consequently, columnar grains grow on both sides of
the deposition gradually (Fig. 20). With increasing deposited
layers, the curvature of the top surface decreases gradually. In
this study, the shape of the top surface starts to become almost
horizontal in S13, and the outlines of the top and side surfaces
are completely separated. In this time, the base of the molten
pool was almost unchanged, and the shape of the molten pool
became stable. Consequently, the microstructure morphology
does not vary with the deposition process anymore (Fig. 20).

Nevertheless, the shape of the molten pool is actually more
stable in the ladder block deposition than in the thin wall
deposition, which is due to the effect of the overlap process.
On the one hand, it makes the top surface of the ladder blocks
smoother than that in the thin wall, which is an advantage
condition for a stable deposition process. On the other hand,
due to the limitation caused by the side boundary of the adja-
cent bead, space for the liquid metal flow will decrease.
Consequently, there is no variation in the microstructures in
the same positions of different ladder block samples.

In addition, the microstructures in the previous deposition are
also changed even without the remelting process. Elements such
as C, Cr, and Ni, are dissolved by the solid solution and
reprecipitated during the recrystallization process, which is
along the normal directions of the new fusion lines. Therefore,
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Fig. 20 Profile of the top molten top surface
pool for thin-wall samples. The o l
arrows indicate the grain growth /L' :\QD /‘ﬂ/l’ \«l\& x f _L, \
direction in this molten pool fusion line
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even at the same position, the microstructures in the depositions
of different layer number samples of the thin wall are different.
The elongated columnar grains that grow epitaxially by a sim-
ilar extent will dominate in the deposition ultimately.

5 Conclusion

In this paper, the microstructure morphology and evolution of
pulsed laser deposition with a metal wire were studied. A set
of thin wall and ladder block samples were deposited. The
material of both the substrate and metal wire was SUS304
austenite stainless steel. The following conclusions can be
made from this study:

1. The microstructure is homogeneous in all the deposited
samples due to the small heat accumulation under the
pulsed laser input. Furthermore, for the thin wall, the co-
lumnar grains that are normal to the substrate, with a
growth tendency to the surface and scanning direction,
dominate the deposition. The boundary between the de-
position bottom and substrate is quite clear. The mixture
of columnar grains along the scanning direction and
equiaxed grains is observed in the surface layer. For the
ladder block, the columnar grains are observed along mul-
tiple growth directions. The boundary of the deposition
bottom and substrate is unclear with many interlaced fu-
sion lines. Several different grain morphologies are ob-
served in the first 2-3 layers’ depositions, particularly in
the top surface. All the irregular grains become more di-
rectional with increasing number of deposited layers.

2. The grain size of deposited samples is extremely fine
(typically less than 1.5 pm) due to the extremely fast
cooling rate of each molten pool under millisecond pulsed
laser (a magnitude of 10° K/s).

3. The micro hardness of the middle positions is larger than
that of the surface positions in thin wall samples.
Additionally, the microhardness in pulsed laser deposition
is universally higher than that in the 304 cold rolling metal
substrate.

4. The microstructures of thin wall sample evolve with the
addition of the deposited layers, which is caused by the
variation of molten pool shape.

Since the shape of the molten pool changes clearly with the
deposition process, the nucleation position in the remelting
region changes synchronously and the recrystallization in
the HAZ will be along new cooling directions.
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