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Abstract: The laser scanning parameters used in laser
additive manufacturing (LAM) can impact the growth
direction of the columnar grains produced during rapid
solidification. This growth direction affects the mecha-
nical properties of the manufactured parts after cladding.
The effective use of a high laser power and a rapid scan-
ning speed for LAM requires an accurate analysis of the
relationships between the laser scanning process para-
meters and the grain growth direction and microstructural
morphology of the scanned material. An experimental
study was conducted to determine the macromorphology,
microstructural morphology, and grain growth direction of
304 stainless steel material obtained during the laser scan-
ning process at different scan speeds. The impact of the
scan speed on different regions in the cladding layer (the
clad zone (CZ), the heat affected zone (HAZ), and the dilu-
tion zone (DZ))was determined, as well as on the direction
of grain growth, the grain morphology and the grain size
(which are the microstructures of the cladded materials),
the degree of elemental mixing during laser scanning
(which are changes in material composition of cladded
material), and the microscopic hardness of the CZ (which
is one of the mechanical properties of cladded material).
With increasing scan speed, the CZ, HAZ, DZ, and dilution
rate (DR) of the material gradually decreased, and grain
growth gradually oriented towards the building direction
of the cladding layer. At a 16mm·s−1 scan speed, the angle
between the grain growth direction and the scan direction
was 84°. Changing the scan speed from 4 to 16mm·s−1

caused the columnar grain size to gradually decrease
from 13.3 to 9.2 μm and the corresponding microhardness
to gradually increase.
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1 Introduction

Additive manufacturing (AM) is a rapidly evolving tech-
nology causing significant changes in rapid prototyping,
freeform, and net-shape manufacturing. Comparing with
traditional manufacturing technology such as casting
and forging, AM is both technologically advantageous
and economically competitive. AM is characterized by high
temperatures gradients, high cooling rates and cycling
reheating, causing large microstructures differences from
traditional manufacturing routes [1,2]. The microstructures
and mechanical properties of AM components are largely
influenced by processing parameters, including laser power,
scanning speed, powder feed rate, etc. Comparing to con-
ventional welding, most of AM techniques have high solidi-
fication rate (R) andmoderate temperature gradients, except
for the first processed layers, which means that the cellular
dendritic, columnar dendritic, and equiaxed dendritic are
the most commonly observed structures. Furthermore, a
high solidification rate means that the grain structure is
generally very fine, making AM fabricated samples generally
stronger but less ductile than their cast counterparts, pro-
vided that process defects, such as porosity and cracking,
can be avoided [3]. The selection for the hatch distance
should be performed to ensure that one deposited track is
fully joined to the previous one in order to avoid detrimental
production defects, such as lack of fusion and/or pores. In
powder-bed systems, the heat conduction is not as effective
as one in wire feed systems, owing to potential irregularities
in the powder distribution that may prevent optimum heat
flow during the interaction between the heat source and the
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material [4]. An interesting feature of fusion-based AM is its
potential to obtain very small grain size due to the high
cooling rates observed. The thermal cycle experienced by
the as-built partmay favour grain growth if there is sufficient
residence time at critical temperatures for grain coarsening.
Therefore, the building sequence can be optimized to mini-
mize such potential undesirable effects [4]. Each location in
the component being built is subjected to a complex thermal
history as the material first undergoes a rapid solidification,
and then is heated and cooled with each additional layer.
These complex thermal cycles can create heterogeneous and
anisotropic microstructures that are different from tradi-
tional wrought counterparts [5,6]. 18 Ni maraging steel
powder was processed by selective laser melting and dif-
ferent heat treatments were applied to the built parts, aiming
for homogenization, microstructural refinement, and mar-
tensite-to-austenite reversion. Thermodynamic simulations
were used to assess a range of temperatures for the reversion
heat treatments [7,8].

Austenitic stainless steels are widely used in modern
industries such as chemistry production, steamship man-
ufacture, high temperature bolt, and nuclear reactor due
to their excellent corrosion resistance, adequate high
temperature mechanical properties, good fabricability,
and weldability [9]. The study of AM of austenitic stain-
less steel has also become one of the research topics of
many scholars.

Zhang et al. [10] studied the effect of laser power and
scanning speed on microstructure and mechanical prop-
erties by building stainless steel 316 components by
directed energy deposition with laser powers ranging
from 600 to 1,400W and scanning speeds ranging from
2 to 10mm·s−1. Results showed that yield and tensile strengths
decrease with increasing laser power and decreasing scan-
ning speed, as this combination results in slower cooling rates
and therefore larger grains. Zhong et al. [11] discussed EBM
fabricated 316L stainless steel for nuclear reactor applica-
tions and emphasizing non-equilibrium microstructures.
These non-equilibrium microstructures, including columnar
(and directional) grains, are generally available through
conventional thermo-mechanical processing methods and
AM methods. Segura et al. [12] compared the mechanical
properties (hardness, yield and ultimate tensile strengths,
and elongation) for 316L stainless steel electron beam
melting claddings onwrought 316L stainless steel substrates.
The yield strength and ultimate tensile strength values of
roughly 76 and 29% were greater than wrought 316L stain-
less steel, respectively. Yadroitsev et al. [13] focused on
the effects of preheating temperature and laser scanning
speed on the microstructure and geometrical features of
single tracks. Guan et al. [14] studied the effects of slicing

thickness, building direction, overlapping rate, and hatch
angle on the tensile properties of selective lasermelted stain-
less steel in details. Guo et al. [15] studied the microstructure
and the mechanical properties of the fabricated stainless
steel through high-power direct laser deposition. The effect
of building direction on the microstructure, mechanical
properties, and machinability of the stainless steel was
investigated. Laser metal deposition was used to repair
grooves on 20mm thickness 316L stainless steel plates using
two different 316L stainless steel commercial powders, and
themicrostructure andmechanical properties of the repaired
specimens were investigated [16]. Khodabakhshi et al. [17]
evaluated the tensile flow properties of austenitic and
martensitic stainless steel wall structures deposited by
powder-fed laser additive manufacturing (LAM) process.
The properties obtained by the LAM process are compared
to commercial rolled sheets of these metals. Strain-rate sensi-
tivity, work hardening, and fracture behaviours are assessed
by conducting uniaxial tensile testing at different strain rates
(0.001, 0.01, 0.1, and 1.0 s−1). The thermal behaviours and
physical mechanisms of the molten pool are investigated as
the evolutions of the TiC dispersion state and particle size and
the TiC/316L nanocomposite grain size during SLM at various
applied energy densities, and a simulation model is con-
structed to predict the thermal behaviours of the SLM proces-
sing [18]. AlMangour et al. [19] established the relationships
among the SLM processing conditions, densification beha-
viour, microstructural evolution including phase and tex-
ture development, and mechanical properties of TiC/316L
nanocomposite parts produced with different SLM energy
densities. Larimian et al. [20] researched the effect of energy
density and scanning strategy on densification, microstruc-
ture, and mechanical properties of 316L stainless steel pro-
cessed via selective laser melting.

304 stainless steel has been widely used in various
areas due to its excellent corrosion resistance, mechan-
ical properties, and low price. All these characteristics
make this type of metal alloy prevalent in automotive,
aerospace, architecture, and nuclear industries. Other
than fabricated with conventionally subtractive manu-
facturing methods [21], some 304 stainless steel parts
are complex in shape with inner cavities, cooling chan-
nels, or mesh structures, such as injection mould and
light-weight parts, which are difficult to fabricate with
conventional manufacturing methods except additive
manufacture process [22]. The pervasiveness usage and
wide availability of 304 stainless steel and the relatively
inexpensive feedstock for AM have led to many publica-
tions’ focus on the study on microstructures and proper-
ties. Wang et al. [23] investigated the effect of processing
parameters on the microstructure and tensile mechanical
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properties of AISI type 304L stainless steel fabricated
by laser-based directed energy deposition through both
experimental characterization and the application of grain
growth and grain size strengthening models. Ghayoor
et al. [24] investigated the role of volumetric energy density
on the microstructural evolution, texture, and mechanical
properties of 304L stainless steel parts additively manufac-
tured via selective laser melting process. The highest rela-
tive density of 99 ± 0.5% was achieved using a volumetric
energy density of 1,400 J·mm−3. Both XRD analysis and
simulation revealed the presence of a small trace of the
delta ferrite phase, due to rapid solidification within the
austenitic matrix of 304L. A fine cellular substructure ran-
ging between 0.4 and 1.8 μm was detected across different
energy density values. Hou et al. [25]. investigated the
microstructure and mechanical properties of 304L stainless
steel fabricated by selective laser melting. With the opti-
mized laser processing parameters, a relative density of
99.9% is achieved with fine austenite grains and nanos-
cale cellular subgrains in size of approximately 0.5 μm.
The presented numerical model solves the heat and
mass transfer equations in the Laser Metal Deposi-
tion process and, based on the evolution of the thermal
field, predicts the grainsize and the resulting hardness
and evaluates the pores formation probability in AISI
304 stainless steel [26]. The properties, microstructures,
and grain sizes of the Laser Metal Deposition SS304
specimens are compared with those of the traditional
method [27]. Yu et al. [28] studied the near-fully dense
Ti–6Al–4V and 304 steel parts using optimized SLM
processing parameters, and the comparative studies
on tensile and microhardness anisotropies of the two
alloys were carried out. The compressive behaviour of
honeycomb lattice structures manufactured using AM
of 304L stainless steel has been studied, and the non-
linear material models of compressive behaviour and
honeycomb structures were built [29].

Dilution is an important parameter for any AM pro-
cess because it quantifies the relative amount of fusion of
the deposited layer with the substrate as well as bonding
between the different deposited layers. Higher value of
dilution of deposition lowers corrosion resistance and
mechanical properties of the coatings and increases the
distortion, whereas very less value of dilution leads to
poor bonding between two successive layers as well as
the substrate [30]. Dilution in any additive layer manu-
facturing signifies fusion of a deposition layer with the
substrate as well as between the successive deposited
layers. It assumes importance because it affects metallur-
gical bonding and properties of the deposited layers.
Mayur S. Sawant et al. constructed a generic theoretical

model and FES to predict dilution of depositions by micro-
plasma transferred arc additive manufacturing (MPTAAM)
process. Results have shown very good agreement
between model and FES predicted values of dilution with
the corresponding experimental values [31]. Li et al. devel-
oped an improved three-dimensional model to study
the temperature distribution, solidification characteristics,
fluid flow, and concentration dilution during laser linear
welding of SS and Ni [32]. A physics-based process model
of laser powder-fed additive manufacturing (LPF-AM) can
perform an efficient prediction of the melt pool dimension,
wetting angle, dilution, process heating/cooling rates, and
clad 3D profiles from single track to multitrack and multi-
layer deposition and has the potential to be employed for
the fast process optimization and controller design [33].

The microstructures’ structure of the melt pool has a
strong influence on the mechanical properties of the AM
processed parts. As we know, the molten pool shape is
very significant because the heat flow is approximately
perpendicular to the molten pool boarders where the
direction of heat flow controls the grains’ growth orienta-
tion during the solidification [34].

In the past, a lot of researches have been done
to study the rules of controlling microstructures and
mechanical properties for various materials under dif-
ferent laser additive manufacture processing parameters.
Most attention of these researches is paid to laser power
and scanning speed of AM parameters [35]. A distinctive
feature of solidification during SLM is cellular growth in
many alloys, such as Co–29Cr–6Mo alloy [36], and cel-
lular-dendritic growth in some alloys, such as IN718 [37].
Growth texture and cell size and how they are affected by
SLM parameters and can possibly be controlled are thus
fundamental to be understood [38]. G (the temperature
gradient) had a significant contribution to the oriented
growth of dendrites, which may affect the mechanical
properties of the samples. Cellular growth is based on
the well-known constitutional supercooling criterion and
there is a critical value ofG/R, belowwhich cellular growth
should prevail. Epitaxial growth and growth of a grain (a
group of cells) over many layers have now been well-
recognized [39].

A study revealed that the micro-hardness of the sam-
ples, fabricated by high-power selective laser melting,
was directional-dependent, which was attributed to the
anisotropy of the microstructure [40]. The heat transfer
and columnar grains’ growth in the laser welding pool
of 2A14 aluminium alloy under different welding para-
meters are investigated through macro-micro modelling
and simulation. A macroscopic heat transfer model is
proposed to calculate the temperature field in the laser
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welding pool under different welding parameters [41].
According to the solidification theory, there is an intense
competitive grain epitaxial growth at the beginning of
solidification in the SLM process. After nucleation, pri-
mary grains with different preferential growth orienta-
tions come into being. Grains with the most favourable
orientations in line with the temperature gradient at the
solid–liquid interface win the competition, while the less
favourable grains are terminated [42].

Many researches about AM of 304 steel have been
done, in this paper, through laser cladding. Laser clad-
ding is a process of rapid heating and solidification.
Columnar crystals grow in the direction of the tempera-
ture gradient (G), resulting in a solidified structure with a
distinct directionality.

In this study, experiments on the directional solidifi-
cation of the grain structure were used to investigate
the micromorphology, microstructural morphology, and
grain growth direction of 304 stainless steel under dif-
ferent laser scan speeds.

A bigger laser power of 2,500W, with scanning speed
of 2, 4, 7, 10, 13, 16 and 19mm·s−1, has been selected in
laser cladding of 304 stainless steel. The rationale for
scanning speed and performance is studied through the
relationship between the base and the cladding layer, the
ratio of dilution and Fe/Cr at different cladding speed,
and the analysis on hardness of cladding layer. This
paper studied the grain shapes and growing status in
three-dimensional from microstructure view. This paper
also analysed the rules that the scanning speed affects
the direction of grain growth.

2 Experimental methods

Figure 1 shows the laser additive scanning process used in
this study. Scanning electron microscopy (SEM) images
are shown in Figure 2, and the material chemical composi-
tion is shown in Table 1. The cladding material was 304
stainless steel powder with a particle size of 30–80 μm. It
can be seen from Figure 2 that the powder particle size is
approximately 50 μm. This powder particle size is condu-
cive to the input of laser energy during the cladding pro-
cess, resulting in good metallurgical bonding. The sizes of
some typical powder particles are marked in the Figure 2.
The SEM images shown are spherical or nearly spherical
powder particles with smooth surfaces and no apparent
defects. The satellite powder did not adhere to the particle
surfaces, effectively meeting cladding requirements.

3 Results and discussion

3.1 Effect of geometric characteristics and
dilution

The morphology of the cladding layer significantly affects
the geometric accuracy and forming quality of a cladding
layer. The height (H) of the cladding layer controls the
thickness of the cladding layer during manufacturing.
The width (W) of the cladding layer critically affects the
technique selected for forming a workpiece and the

Figure 1: Schematic and actual photo of laser scanning process: (a) schematic diagram and (b) actual photo.
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degree of overlap between one pass and another. The
DZ affects the remelting ratio of the material in a multi-
layer manufacturing process. The HAZ directly affects the
morphologies of the substrate structure and cladding
layer, thereby affecting the material properties.

3.1.1 Macroscopic cross-sectional morphology and size

Figure 3 shows the macromorphology of a single-pass
cladding layer obtained at different scan speeds. The
single-pass cladding layer obtained at a 2 mm·s−1 scan
speed had a relatively rough surface, and accretions
appeared on both sides of the cladding layer. This burning
phenomenon appeared after melting because of the long
residence time and high temperature used in the process.
Increasing the scan speed resulted in the gradual disap-
pearance of the accretions. Gradually increasing the
scan speeds (to 10, 13, and 16mm·s−1) made the surface
of the single-pass cladding layer smooth, and no sintering
defects were apparent. When the scan speed increased to
19 and 22mm·s−1, the single-pass cladding layer became
discontinuous. Themain reason for this result was that the
scan was too rapid. Thus, there was a short laser residence
time per unit scanning length, and low heat was absorbed
by the powder. The small quantity of melted material was
insufficient to create a continuous cladding layer, resulting
in a variable cladding quality. Therefore, in subsequent
analyses, the macro and microstructures and structural
morphology were investigated at scan speeds of 4, 7, 10,
13, and 16mm·s−1.

Figure 2: Morphology of 304 stainless steel powder particles.

Table 1: Chemical composition of 304 stainless steel powder (mass fraction (%))

Chemical composition C Mn P S Si Cr Ni

Content ≦0.08 ≦2.00 ≦0.045 ≦0.030 ≦1.00 18.0–20.0 8.0–11.0

Figure 3: Schematic of macromorphology of a single-pass cladding layer obtained at different scan speeds. (a) 2mm·s−1; (b) 4mm·s−1;
(c) 7mm·s−1; (d) 10mm·s−1; (e) 13 mm·s−1; (f) 16 mm·s−1; (g) 19 mm·s−1; and (h) 22mm·s−1.
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3.1.2 Cross-sectional geometric characteristics of
cladding layer #1

Figure 4 shows a schematic cross-sectional view of the
cladding layer, showing four-dimensional characteristic

dimensional parameters. The width and thickness of dif-
ferent regions are denoted byW1 and H1, respectively, for
the CZ; by W2 and H2, respectively, for the DZ; and by W3

and H3, respectively, for the HAZ. The effect of the geo-
metric characteristic parameters was determined by

Figure 4: Cross-sectional morphologies of laser cladding layer of 304 steel obtained at different scan speeds Vs: (a) 4mm·s−1; (b) 7mm·s−1;
(c) 10 mm·s−1; (d) 13 mm·s−1; and (e) 16 mm·s−1.
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observation of the cross-sectional morphologies of the
cladding layer of the single-pass 304 stainless steel obtained
at different scans speeds. The values of the geometric char-
acteristic parameters are listed in Table 2.

Figure 4 and Table 2 show that as the scan speed
increased, the overall width W and height H of the clad-
ding layer gradually decreased. This result was obtained
because as the scan speed gradually increases, the laser
action time of per unit scanning length gradually decreases.
Thus, the heat absorbed by the substrate decreases, and
the quantity of powder melted per unit length gradually
decreases. Consequently, the cross-sectional size of a single-
pass cladding layer gradually decreases. The depth H2 of the
DZ and the depthH3 of theHAZ of the substrate also gradually
decreased.

Increasing the scan speed to 13 mm·s−1 caused the
cladding layer to separate from the substrate. After melting,
the liquid is pulled into a spherical shape by the powder
surface tension. The laser scanning process can destroy the
intrinsic spherical shape of the molten liquid, resulting in a
strong binding force between the cladding material and the
substrate. As the scan speed increases, the action time is
gradually reduced. This reduction in the impact of the laser
scanning on the molten liquid creates a separation between
the cladding layer and the substrate, weakening the bonding
force thereof. Increasing the scan speed to 16mm·s−1 pro-
duced obvious separation between the cladding layer and
the substrate.

3.1.3 Dilution

An appropriate dilution rate (DR) is required to obtain a
cladding layer with a high-quality surface and good
integrity. The DR not only adjusts the chemical composi-
tion of the fusion zone, but also controls the segregation
potential of the alloying elements[43]. A substrate cannot
fully melt at an excessively low DR, and incomplete
fusion between the coating and the substrate interface
precludes the formation of a good metallurgical bonding

layer. The substrate DR depends on the melting depth.
The DR is given by the ratio of the cross-sectional area of
the material in the CZ to the total cross-sectional area
of the DZ between the cladding layer and the substrate
(equation (1)); the relation between CZ and DZ is described
in Figure 5.

=

+

S
S S

DR CZ

CZ DZ
(1)

In the equation above, SCZ and SDZ represent the
cross-sectional areas of the CZ and DZ, respectively.
Table 2 shows the DRs calculated using equation (1) for
different scan speeds. The DR gradually decreased as the
laser scan speed increased.

An energy spectrum analysis was performed on dif-
ferent sampling areas in the cladding layer to investigate
the dilution effect of the elemental composition in the
cladding layer. Figure 5 schematizes five sampling areas
(the area of A, B, C, D, and E) in the cladding layer used
for the energy spectrum analysis. The sampling areas
were separated by 1-mm intervals. The cladding powder-
304 stainless steel powder used in this study had ele-
mental Fe and Cr mass fractions of approximately 66
and 19%, respectively. The Fe/Cr elemental ratio was
used to characterize the dilution effect of elements in the
cladding layer. The Fe/Cr ratio (of approximately 3.5) in
the 304 stainless steel cladding powder was used as a
reference value.

Figure 6 shows the Fe/Cr ratio for different sampling
areas in the cladding layer under different scan speeds
and the corresponding positions of the sampling points
on the x-axis. Figure 7 shows the microstructure and
energy spectrum analysis results of the 5 sampling areas
in the cladding layer under a 10mm·s−1 scan speed.

Table 2: The values of geometric characteristics at different scan-
ning speed

V (mm·s−1) W1 H1 W2 H2 W3 H3 DR

4 5.05 3.47 3.26 0.94 5.57 1.01 0.13
7 4.63 3.39 2.76 0.72 4.52 0.88 0.12
10 4.07 3.35 2.57 0.67 4.03 0.77 0.10
13 3.43 3.34 2.09 0.44 3.53 0.71 0.05
16 3.29 3.31 1.85 0.35 2.77 0.44 0.04

Figure 5: Schematic of sampling areas used in energy spectrum
analysis.
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Figures 6 and 7 show that the Fe/Cr ratio in the area
of A decreased after the initial increase in the scan speed.
The maximum Fe/Cr ratio was reached to 5.22 at a 7mm·s−1
scan speed.

The Fe/Cr ratio in the cladding layer is affected by
both the laser energy input and the quantity of the melt
substrate. At a low scan speed, laser stirring significantly
affects the elemental distribution. The laser beam power
plays a crucial role in the clad layer formation: the higher
the laser power, the higher the amount of the melted
powder particles. It should be noted that the control of
the laser power is also of major importance as it will
determine the heat transfer conditions [43] and elemental
diffusion [44].

The laser energy input time is sufficient at a low scan
speed, resulting in a uniform elemental distribution in
the melt pool. Thus, the Fe/Cr ratio continued to increase
up to 7 mm·s−1 scan speed. Increasing the scan speed
beyond 7 mm·s−1 decreased the scan time per unit length.
Although laser stirring remained uniformly, the decrease
in the energy input resulted in insufficient material mixing,
so the Fe/Cr mixing ratio gradually decreased.

The influence of element dilution gradually decreased
for B, C, D, and E, which were relatively far from the sub-
strate. The same trend in the Fe/Cr ratio was observed as
the scan speed increased. As the scan speed increases, the
laser action time per unit scanning length is reduced, and
mixing of the substrate material in the melt pool gradually
decreases. The decrease in the areas of the DZ and the
decrease in HAZ do not affect mixing.

At a fixed scanning speed, the Fe/Cr ratio gradually
decreased with increasing distance from the substrate for
all sampling areas. Elemental mixing clearly occurred in

the area of A, which lies within the DZ, resulting in a
relatively large Fe/Cr ratio. As the distance from the sub-
strate gradually increased to the highest point of the clad-
ding layer (E), G gradually increased and there was no
active motion of elements between the cladding layer and
the substrate. Thus, the Fe/Cr ratio did not change after
reaching a steady value.

3.2 Microstructure and influence on
melt pool

The LAM process is highly complex and involves different
physical mechanisms and multiple parameters. A laser
beam is used to irradiate a substrate to form a melt
pool. Powder addition and laser movement produce var-
ious physical and chemical changes on the surface and
inside the melt pool. The morphology of the melt pool
and internal heat transfer can affect the microstructure
and the grain shape and size of the cladding layer. The
laser cladding process parameters affect the surface and
interior of the melt pool during LAM.

3.2.1 Melt pool morphology

Figure 8 shows the solid/liquid interface line between the
melt pool and the solidified cladding layer. Vs is the laser
scan speed and Vg is the grain growth rate. The Vs is the
laser cladding scan direction and the Vg is the direction of
grain growth, i.e., the normal direction of the solid/liquid
interface line. The Z is the building direction of the clad-
ding layer. θ is the angle between Vs and Vg.

Within solidification theory, the grain growth rate is
given by the advancing speed of the melt pool interface
along the normal direction. During LAM, the direction
and rate of the grain growth depend on the direction
and magnitude of the scan speed, as well as the angle
between the grain growth direction and the interface
direction.

Figure 9 shows typical microstructure in the longitu-
dinal section (observation surface #2) of the cladding
layer under different scan speeds. The cladding layer
microstructure was dominated by columnar crystals with
typical directional solidification characteristics and a diag-
onally upward length direction.

Figure 9 shows that the angle θ between the length
direction of the columnar crystal and the scan direction
gradually increased with the scan speed. The angle

Figure 6: Fe/Cr ratio for different sampling areas in cladding layer.
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between the scan direction and the grain growth direc-
tion was approximately 53° at a 4mm·s−1 scan speed. The
θ angle gradually increased with the scan angle. When

the scan speed reached 16mm·s−1, the angle between the
scan speed and the grain growth direction was approxi-
mately 84°, which is close to a right angle. As the scan

Figure 7: Energy spectrum analysis results for different sampling areas in the cladding layer obtained at 10 mm·s−1 scan speed: (a) the area
of A; (b) the area of B; (c) the area of C; (d) the area of D; and (e) the area of E.
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speed increases, the solid/liquid interface line between
the melt pool and the solidified cladding layer gradually
orients in the horizontal direction, and G in the melt pool
is directed upwards. Thus, the solidification direction
becomes almost vertical, i.e., orients in the positive Z
direction.

The reason might be that the direction of grain soli-
dification Vg is along with the maximum temperature
difference in the melting pot, i.e. vertical to the interface
between the solid and the liquid. When the scanning
speed Vs increases, the interface between the solid and
the liquid trends to horizontal, consequently the solidifi-
cation direction Vg trends to vertical, the angle θ becomes
bigger and bigger.

Meanwhile, there are some layer boundaries in each
picture of Figure 10, marked by dotted red lines, which
are probably unmixed zones, and the major reason is
probably the following: The governing mechanism for
macro segregation during dissimilar welding/cladding
is related to liquidus temperature differences between
the fusion zone and the base materials; according to
the fluid flow dynamics mechanisms, there is a “non-
slip” boundary condition in which the velocity of liquid
motion becomes zero at the solid/liquid interface, even
with turbulent motion of the melt pool. Consequently, the
fluid convection next to the fusion line is weakened, and
therefore, a stagnant or laminar-flow layer of the liquid
base metal can exist along the fusion boundary [44].

3.2.2 Microstructural morphology

A corroded microstructure was observed under an optical
microscope. Figure 10 shows the microstructure in the

cladding layer obtained at a laser power of 2,500W and
a 7mm·s−1 scan speed. Three mutually perpendicular
observation surfaces (#1, #2, and #3) were considered.
Elongated crystal grains with typical directional solidifi-
cation characteristics were the dominant microstructure
on observation surfaces #1 and #2, whereas equiaxed
crystal grains were the dominant microstructure on obser-
vation surface #3. Therefore, it was confirmed that the
dominant structure in the cladding layer consisted of
columnar crystals growing approximately perpendicular
to the substrate surface. Figure 11 is a schematic of the
growth direction of the columnar crystals. The X, Y, and
Z directions correspond to the scan, width, and building
directions of the cladding layer, respectively. As shown in
Figure 12, the growth states of crystal grains in the length
and width directions determine the growth trend of the
columnar crystals, and the building direction determines
the crystal grain size.

Figure 12 shows the typical microstructure of cross-
section #1 of the single-pass cladding layer. The cross-
section can be divided into surface, middle layer, and
bottom layers. The shape and size of the crystal grains
differ considerably across these layers, as shown in
Figure 12(a). Figure 12(b) shows smaller crystal grains
close to the surface layer with an equiaxed morphology.
Figure 12(c) shows that the columnar crystals in the
middle layer had typical directional solidification char-
acteristics, and the direction was relatively regular.
Figure 12(d) shows that the crystal grains in the bottom
layer were also columnar crystals with typical direc-
tional solidification characteristics.

Within the theory of composition overcooling and
structure solidification, grain morphology formation is
mainly controlled by G and R. A high G/R ratio is con-
ducive to the formation of columnar dendrites, whereas a
low G/R ratio facilitates the formation of a overcooling
zone consisting of a liquid phase with a broad composi-
tion, resulting in the formation of equiaxed crystals.
During the laser cladding process, solidification always
proceeds from the bottom to the top of the melt pool. In
this direction, G gradually decreases, and R gradually
increases, resulting in a small G/R ratio at the top of
the pool. Therefore, solidification of the melt pool easily
results in the transformation from columnar crystals to
equiaxed crystals at the top of the sample.

Figure 13 shows that a dendritic material morphology
was obtained for a laser power of 2,500W and scan speeds
of 4, 7, 10, 13, and 16mm·s−1. Changing the scan speed
substantially affected the dendritic structure. Increasing
the scan speed from 4 to 16mm·s−1 resulted in a gradual
decrease in the dendritic spacing from approximately

Figure 8: Schematic of melt pool morphology.
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13.3 μm to approximately 9.2 μm. Increasing the scan
speed reduces the action time between the laser and the
melt pool. The reduction in the laser energy input to the
melt pool gradually reduces the heat accumulation in
the melt pool, which increases the cooling rate of the
melt pool and affects the size of the columnar crystal
grains. Consequently, the grain size is refined as the
scan speed increases.

One of the critical issues during LAM is the formation
of pores. It can be seen from Figures 12 and 13 that some
samples present defects (pores) during the process of
laser cladding, such as black spots in Figures 12(c and d)
and 13(c and d). The existence of gases in between the
powder particles makes it more prone for the develop-
ment of porosity during the process. During laser clad-
ding, the high energy density of the process can actively

Figure 9: Microstructure of single-pass cladding layer at observation surface #2 obtained at different scan speeds Vs: (a) 4mm·s−1;
(b) 7mm·s−1; (c) 10mm·s−1; (d) 13 mm·s−1; and (e) 16mm·s−1.
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contribute to increase the possibility of pore formation
[4]. For high laser energy densities, the material can be
vaporized, and the heat will be transmitted into the mate-
rial in depth. A capillary of metallic vapor will form and is
surrounded by the molten material that solidifies above

the vapor, thus trapping the vapor within the material as
a pore [3].

In this paper, the distance between the cladding
layer and the laser is farther in Figure 12(c and d), and
the scanning speeds are higher in Figure 13(c and d),
which are two reasons that result in low laser energy
densities, thus easily presenting pores.

Insufficient melting of powder particles caused by
low energy density can also result in more balling defect.
Low-viscosity which is associated with lower energy den-
sity can cause disordered liquid solidification and conse-
quently leads to balling defect and creation of pores
inside the sample. Therefore, samples built under lower
energy densities have more pores [21].

3.3 Hardness

Figure 14 shows the measured Vickers hardness of the
material in the CZ. The centre of the junction of the CZ
and DZ was set as the starting point, the positive direction
was along the surface of the cladding layer, and the

Figure 10:Microstructure of single-pass cladding layer on different observation surfaces: (a) sampling diagram; (b) observation surface #1;
(c) observation surface #2; and (d) observation surface #3.

Figure 11: Schematic of growth direction of columnar crystals in
cladding layer.
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hardness was measured at 0.4 mm intervals. Three sets of
hardness values were collected for each position and
averaged values were adopted. The centre of the junction
of the CZ and DZ was set as the starting point, where the
positive direction was along the surface of the cladding
layer. The hardness was measured at 0.4-mm intervals.
Three sets of hardness values were collected for each
position and averaged. Figure 15 shows the hardness
values of different positions in the CZ obtained at different
scan speeds. The material hardness gradually increased
with the decrease in the distance from the surface because
the material grain size gradually decreased for the same
factor. The hardness values are correlated with cooling rate,
that is, the hardness values increase with the increases of
the cooling rate from top to bottom of the cladding layer. At
a fixed distance from the surface, the material hardness
gradually increased with the scan speed. Increasing the
scan speed decreases the laser residence time. Thus, the
temperature of the melt pool decreases, and the cooling
rate increases. The refined grains result in an increase in
the number of grain boundaries, thereby enhancing the
hardness, which is consistent with the change in the
microstructure.

4 Conclusion

In this study, laser-cladded 304 powder coatings were
fabricated using a power of 2,500W and different scan
speeds. The morphologies, DR, micromorphology, grain
morphology, and grain size in the cladding layer were
investigated. The results obtained in this research are
summarized below.
(1) Scan speeds from 4 to 16 mm·s−1 produce smooth

laser cladding surfaces with modest track widths/
heights.

(2) The DR gradually decreased as the laser scan speed
increased. The Fe/Cr mixing degree reached a max-
imum with about 5.22 in the DZ area of the laser
cladding layer for a 7 mm·s−1 scan speed, and at
a fixed scanning speed, the Fe/Cr ratio gradually
decreased with increasing distance from the sub-
strate for all sampling areas; the Fe/Cr ratio did not
change after reaching a steady value.

(3) The 304 stainless steel cladding layer exhibited a
partitioned microstructure. The CZ and DZ consisted
mainly of columnar crystals and equiaxed crystals.
The equiaxed crystals were mainly found at the

Figure 12: Microstructure of single-pass cladding layer on Observation surface #1: (a) macro image; (b) surface layer; (c) middle layer; and
(d) bottom layer.
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cladding layer surface, and the columnar crystals
were mainly found in the middle and bottom of the
cladding layer. The growth direction of the columnar
crystals was gradually oriented towards the building
direction of the cladding layer as the scan speed
increased. At a scan speed of 16 mm·s−1, the max-
imum angle between the scan speed and the grain
growth direction was approximately 84°.

(4) Increasing the scan speed from 4 to 16mm·s−1 caused
the crystal spacing of the columnar crystals in the
middle and bottom of the cladding layer to gradually
decrease from approximately 13.3 μm to approxi-
mately 9.2 μm. There are some pores in the clad-
ding microstructure with the distance between the
cladding layer and the laser farther for the middle and
bottom cladding, and the scanning speeds are higher

Figure 13: Dendritic morphology of material obtained at different scan speeds Vs: (a) 4mm·s−1; (b) 7mm·s−1; (c) 10mm·s−1; (d) 13 mm·s−1;
and (e) 16mm·s−1.
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for the 13 and 16mm·s−1, which results in low laser
energy densities.

(5) The hardness of the cladding layer gradually increased
with the scan speed. At a fixed scan speed, the hard-
ness gradually increased as the distance to the clad-
ding layer surface decreased. As the distance to the
surface of the cladding layer decreased, the faster the
scan speed was, the higher G was. The resulting finer
grains increased the hardness. The material hardness
gradually increased with the decrease in the distance
from the surface because the material grain size gra-
dually decreased for the same factor.
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