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Abstract
The aim of the cladding process is to improve mechanical, chemical, and physical features of the surface of metals. This laser
process is frequently used to promote such alterations via deposition of metals/alloys with mechanical behavior superior to that of
the substrate. In this contribution, an AISI 304 austenitic stainless steel is covered with an AISI 316 as powder filler metal using
multiple laser deposition parameters. In the produced samples, the effect of the studied parameters on the geometry, surface
appearance, dilution, and microstructural features was evaluated. The authors focus on metallurgical characteristics of cladding,
seeking to explain the formation of three attributes: banding, columnar structure, and equiaxial grains. It was determined that
banding is composed of a cellular-dendritic structure and is generated by changes in the microstructure size, derived from local
variations in the solidification rate. The same applies for the columnar and equiaxial zones, but the appearance of equiaxial
geometry is due to the change of the growth direction of the aforementioned columns, in the middle of the fusion zone. All the
samples confirmed the formation of F/MA-type solidification mode, which indicates that the cooling rate is low and similar to
those recorded in conventional fusion welding.
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1 Introduction

The 316 stainless steel is about 29% more expensive than 304
[1]. Moreover, 316 provides better pitting corrosion resis-
tance, which makes it a preferable choice [2]. Consequently,
AISI 316 austenitic stainless steels are often more suitable
candidates for use as coatings on 304 substrates since they
present satisfactory corrosion resistance in various types of
environment, good impact properties at low temperatures,
and reliable weldability when due care is taken. These mate-
rials are often used in applications that require corrosion

resistance at high temperatures [3–5], such as in the petro-
chemical and chemical industries, supporting structures,
kitchen equipment, and medical products, among other
applications.

Laser cladding is a metal deposition technique applied in
coating deposition processes to protect parts from wear and/or
corrosion, as well as to rebuild worn surfaces of expensive
components. The deposition materials can be either powders
or wires, which are fed directly into the laser-generated melt
pool. In laser cladding with powder, the particles are injected
into an inert carrier gas. The laser beam energy heats andmelts
some of the particles during the process. Some other particles
melt when they strike the melt pool surface. These particles
impinging on the melt pool form the clad deposition layer [6].

Although laser cladding promotes the enhancement of mul-
tiple material properties, hot cracking is a critical problem for
Cr-Ni stainless steels, which can be minimized by inducing a
certain amount of δ-ferrite in the as-welded microstructure.
For austenitic stainless steels, there are four possible types of
solidification and transformation of the solid state: solidifica-
tion types A and AF are associated with the solidification of
austenite as the primary phase, whereas types FA and F have
ferrite as the primary phase [7–9].
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The laser deposition parameters not only affect the shape of
the deposited bead, but they also alter its chemical composi-
tion and microstructural evolution. For example, Goodarzi
et al. [10] concluded that the laser power and speed control
the width of the layer, while its height depends on multiple
factors. Yu et al. [11] have shown that laser power controls the
cladding width and has some influence on the layer height, but
its main effect is on the dilution control. Recently, Yu et al.
[12] stated that laser power increases the cladding width but
reduces its depth and height, while the scanning speed has the
opposite effect.

Furthermore, the chemical composition, dilution, and so-
lidification rate significantly modify the microstructure in
stainless steels, mainly during high speed and energy density
fusion processes [13, 14]. The composition balance between
ferrite-stabilizing elements and austenite-stabilizing elements
(i.e., Cr/Ni-equivalent) is used to predict the solidification
microstructures, such as residual δ-ferrite content, and the so-
lidification modes. The phase transition from stable δ to meta-
stable γ as the primary solidification phase has also been
observed when solidification velocity increases [15, 16].
Due to the characteristics of this system, a complex micro-
structure is produced with mixed cellular and equiaxial den-
drites [17] in which the presence of bands persists, whose
development and conformation are not fully elucidated in
stainless steels [18–20].

The aim of this work is to investigate the influence of the
laser cladding process variables on the deposition layer geo-
metric aspects, the band formation and its microstructural evo-
lution using an AISI 316 coating on an AISI 304 base metal.

2 Materials and methods

AISI 304 stainless steel plates of 5.15-mm thickness were
used as substrate. The plates were coated by laser using
AISI 316 stainless steel as filler powder, with a particle size
of 132 ± 11 mm. The chemical composition of both metals
was measured by arc spark optical emission spectroscopy
(OES), using five replicas of each material. The measured
compositions are shown in Table 1.

The laser classing process was performed using a Yb fiber
laser operating in continuous wave mode. The filler powder
was fed axially relative to the laser beam to produce deposi-
tion beads with 36 mm in length. The laser beam parameters

are shown in Table 2, where the variable factors were the laser
power, laser scanning speed, and the powder feeder (turnta-
ble), keeping constant the stirrer (20%), protection gas flow
(5 l/min), powder transport gas flow (7 l/min), and laser focus
(25 mm).

The effect of each parameter was evaluated considering the
dilution, which was calculated using Eq. 1. With these results,
and using the diagram WRC-1992, Creq/Nieq ratios were cal-
culated for each set of deposition parameters.

%D ¼ A
Aþ B

� 100 ð1Þ

Microstructural characterization of the coated samples was
performed using optical microscopy (OM) and scanning elec-
tron microscopy (SEM). The samples were prepared in accor-
dance with the ASTM E3-01 standard [21], by grinding with
wet sanding and polishing with diamond paste up to 1 μm.
The microstructure was revealed using two chemical etchants:
aqua regia (HCl:HNO3 = 3:1) for 40 s, and a solution of ferric
chloride hexahydrate, water, and hydrochloric acid (50 mL
HCl, 100 mL H2O, and 5 g FeCl3·6H2O) for 3 min.

3 Results and discussion

3.1 Macrostructure and deposit shape

Figure 1 shows the macrographs of the eight deposited sam-
ples obtained with the parameters in Table 2. The dimensions
and microstructure notably vary with the processing

Table 1 Chemical composition of the base metal and the coating powder

(% wt) C Si Mn P S Cr Ni Mo Cu Nb Ti V Fe

Substrate AISI 304 0.05 0.364 1.50 0.024 0.01 17.76 8.04 0.242 0.346 0.039 0.008 0.084 Bal.

Coating AISI 316 0.072 0.68 1.55 0.0235 0.017 17.93 11.8 2.595 0.069 - - - Bal.

Table 2 Laser beam parameters for the deposition of AISI 316 powder
on AISI 304 substrate

Parameter Laser power (W) Laser speed (mm/s) Turntable (%)

1 1000 15 15

2 20

3 20 15

4 20

5 1200 15 15

6 20

7 20 15

8 20
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parameters. An important factor is the depth of the coating,
which in principle must be low to reduce dilution and ensure
the production of a layer with characteristics closer to the filler
metal instead of the substrate metal [22].

As Fig. 2a shows, the penetration does not exceed 0.7 mm,
which is considered low compared to the results presented by

Davim et al. [23], where the deposition depth in a 100 Mn Cr
W4 (DIN) steel was 1.7 mm. Davim et al. [24] note that the
penetration depends mainly on the power of the laser beam, as
well as on the mass flow. About the latter, Riveiro et al. [25]
underline the importance of mass flow and explain that when
it increases, the depth of the coating decreasesdth because the

Fig. 1 Macrographs of the cross
section of the eight deposition
cases, from sample 1 (a) to 8 (h).
The etching was performed using
aqua regia
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filler powder attenuates the laser radiation. As a result, the
available energy to melt the substrate decreases due to the
increase in the powder mass flow. In the same way, an incre-
ment in the scanning speed reduces the clad depth due to the
decrease in the linear energy supplied to the substrate. The
results in Fig. 2a agree with the observations of Davim et al.
[24] and Riveiro et al. [25] concerning the proportional effect
of the beam power, turnable, and scanning speed parameters.

Notably, sample 3 shows an unexpected increase in penetra-
tion, which could be explained by the impingement effect of
the metal [26].

Furthermore, the behavior of height (Fig. 2b) and width
(Fig. 2c) of the bead deposition agrees with the observations
reported by Quin et al. [26] and Ju et al. [27]. Regarding the
height, there is a crucial effect of turntable and power of the
beam, because both allow an increase in the fusion rate and a
metal accumulation when such parameters are high, and the
laser velocity is low. Finally, when the scanning speed is low,
the width depends primarily on the laser power.

Besides, the superficial aspect of the face reinforcement is
heterogeneous since it reveals the presence of particles not
fully incorporated in the coating. Oliveira et al. [28] explain
that this effect depends on the laser power needed to melt the
particles (Pmp), which in turn varies directly with the speed of
the particle. This speed is defined through the powder trans-
port gas flow, which, from the observable results, can be con-
sidered high.

3.2 Banding in the fusion zone

There are similar microstructural elements among the de-
posits, which stand out in Fig. 3. First, the formation of
banding (Fig. 3a), and second, the presence of two regions
in the fusion zone: a central zone with apparently equiaxial
grains (Fig. 3b), lighter in the micrograph of Fig. 3a, and a
region that extends from the fusion line (FL) to the center,
darker in Fig. 3a. Both regions are well defined in all samples.

Concerning banding formation, Fig. 4a shows several lines
near the FL. Banding is a phenomenon which has been ob-
served at relatively low solidification speeds in welded or
laser-treated materials. The formation of the so-called banded
structure, consisting of a regular succession of dark and light
bands, which has been found by several authors in rapidly
solidified alloys [29].

For example, in the work of Peng et al. [30] about direct
laser fabrication (DLF) in Ni-alloys, researchers determined
that banding is a consequence of the grain size, with the grains
in the light zones being much smaller than those in the dark
zones. Zhang et al. [31] observed the same features in the laser
deposition of 316 stainless steel on A36 structural steel, with
the same differences in the substructures sizes of the light and
dark bands. However, banding could be produced by distinct
processes. Depending on the mechanism of their formation,
the two alternating bands may consist of (1) different scales of
the same microstructure, (2) periodically varying composi-
tion, (3) different microstructures of the same phase, (4) dif-
ferent phases, or (5) different phases and microstructures [32].
Gremaud et al. defined that a banded structure is composed of
precipitation free α-Al solid solution, alternating with a den-
dritic structure [33].

Fig. 2 Effect of the studied cladding parameters on the a depth, b height,
and c width of the bead. The colors of the lines represent the laser power
(1000 and 1200 W), and the numbers in parenthesis indicate the laser
speed (red for 15 mm/s and black for 20 mm/s)
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Nonetheless, the most observed mechanisms in the laser
process are 1 and 3. At low growth velocities, bands of the
same microstructure but with different scales (mechanism 1)
form through periodic fluctuations of the solidification system
[32]. On the other hand, a banded structure in which two
microstructures are formed (planar front and dendritic/cellu-
lar), corresponding to mechanism 3, have been observed at
high scanning rates, in the regime between cellular/dendritic
and planar front solidification [33]. In the present study, the
banding mechanism corresponds to mechanism 1, due to
changes in the microstructure size (Fig. 4b).

Bands have been observed in alloys with cellular/dendritic
and eutectic microstructures, where the primary spacing (λ) of
the dendritic structure is defined by Eq. 2 [34]:

λ2:R ¼ constant ð2Þ

Therefore, the shift in the scale of the microstructure in-
volves the variation in the solidification rate. All the samples
show the first line of bands close to the FL, as revealed in Fig.
4. The structure is produced by epitaxial growth at the solid-
liquid interface, a place where is registered an ultra-high tem-
perature gradient (G) and a low solidification rate (R) due to

the process features. A columnar structure with epitaxial
growth occurs in the bottom area, from the adjacent melted
substrate. Because R is low, it promotes the formation of a
microstructure with high λ, altered by growth rate fluctuations
due to convection. The convection resulted in a slight increase
of R and the consequent reduction of λ, producing the lighter
region in the macrostructure.

3.3 Columnar and equiaxial grains in the fusion zone

Related to the presence of the lighter and darker regions,
Zhong and Liu [35] sign that the solidification structure is
characterized by columnar and equiaxed grains at the bottom
and on the top, respectively. The first is due to the ultra-high G
and low R at the fusion line, showing the typical directional
solidification feature. Figure 5 shows the growth of the co-
lumnar structure from the FL toward the surface of the depo-
sition bead, which coincides with the direction of the maxi-
mum temperature gradient.

On the top zone of the melt pool, columnar grains stopped
growing while equiaxed grains arose due to the lower G and
higher R local conditions. The same conclusions were

Fig. 3 Macrographs showing similar features of the coating microstructure: a sample 1 treated using ferric chloride, exhibiting the fusion zone (FZ) and
banding, and b sample 1 treated using is aqua regia

Fig. 4 a SEM image showing banding in sample 1. b Fusion boundary in sample 8, showing epitaxial growth (etched using ferric chloride)
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presented in a previous work [17], where the formation of a
granular microstructure in the welding pool was explained
based on the theory of columnar-to-equiaxial grain transition
(CET). This theory attributes the granular microstructure to
the particles detached from the columnar region, which could
grow rapidly due to the high cooling rate, as argued by
Hemmati et al. [36] based on the nucleation of particles due
the constitutional supercooling. This could be represented in
the solidification parameter (G/R) since the faster solidifica-
tion rate (R), obtained at higher cladding speeds, supported the
constitutional supercooling.

This interpretation agrees with the traditional view that
explains the microstructural evolution in the welding fusion
zone, which states that the microstructure depends on the
chemical composition of filler metal and on the relationship
between G and R, termed the solidification parameter (G/R),
as summarized by David and Vitek [37]. As Koseki [38] point
out, this theory applies to several processes involving metal

solidification. However, the generated microstructures depend
on G and R, which are linked to the features of the process.
For example, for arc welding and laser processing, G ranges
from 104 to 105 K/m, and 105 to 107 K/m, respectively, while
R varies between 10−5 to 10−2 m/s and 10−5 to 10 m/s, respec-
tively [37]. Therefore, some differences are expected.

However, the reasonable interpretation that the microstructure
in the middle region is formed by equiaxial grains would depend
on the generated substructure: in the case of dendritic equiaxial
substructure, the interpretation fits with what was previously de-
scribed. Nevertheless, the observations show that grains near the
CET and in the middle of the FZ have an elongated substructure,
whichwould correspond to cellular or cellular-dendritic substruc-
ture (Fig. 6). In this situation, the traditional theory does not agree
very well with the formation of such a structure.

Frenk and Kurz [39] evaluate the microstructure in laser-
treated alloys considering the traditional microstructure ap-
proach, controlled by the G/R parameter, but considering that

Fig. 5 OM images of a sample 1 and b sample 3, evidencing a columnar structure aligned with the growing direction (indicated by the arrow), toward
Gmax (etched using ferric chloride)

Fig. 6 SEM images showing the substructure of the grains in the middle of the deposits: a sample 3, near the boundary of the CET (CETlim),
and b sample 4, in the center of the deposited bead (etched using ferric chloride)
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R changes as presented in Fig. 7. Figure 7a corresponds to the
remelting process, where the energy of the beam melts the
surface of the metal to promote its microstructure alteration.
Curved lines symbolize the R changes, depending on the po-
sition in the fusion metal. Figure 7b illustrates the macrostruc-
ture of a long cross-section view on deposit 5, where the
banding region is also observed.

In the solidification scheme of Fig. 7a, the solidification
rate is lower at point 4, while it is maximum on the surface.
The solidification direction is represented by the arrow in R.
Thus, in the lower region, the microstructure grows in a nearly
perpendicular fashion, while on the surface the microstructure
stays almost parallel to the direction of the beam. This implies
that in a cut perpendicular to the advance direction of the laser
(Fig. 3a), the grains at the bottom of the bead have a columnar
growth from the FL toward the surface, while those in the
middle and surface regions appear to be equiaxial. However,
in reality, they have the same columnar structure, but observed
from the front and not the side.

Pei et al. [40] sign that in the laser cladding process the
solidification rate and the beam speed could be related by Eq.
3, where θ is the angle between R and v (Fig. 7).

R ¼ v:cosθ ð3Þ

Therefore, it is to be expected that just as the size of
the deposit varies with power and scanning speed, the size
of the equiaxial zone also changes, but in different pro-
portions. Figure 8 relates the effect of power and laser
scanning speed on the size of the equiaxial zone.
Comparing Fig. 8a and c to Fig. 8b and d, it is obvious
that the increase in laser power generates larger deposits
but reduces the size of the equiaxial zone, which goes
from 77.6 to 45.5%. This effect could be a consequence
of the more intense fusion of the substrate since the laser
speed was kept unchanged. This leads to an increase in
angle θ with penetration, favoring the competitive growth
of columnar grains formed at the solid-liquid interface.

Furthermore, comparing Fig. 8a and b to Fig. 8c and d, it is
observed that increasing the laser speed from 15 to 20 mm/s
reduces the size of the deposit and of the equiaxial zone. An
explanation is that the increase in laser speed reduces signifi-
cantly the θ angle, favoring the growth of grains parallel to
deposition’s direction.

3.4 Microstructural features in the fusion zone

In the fusion zone, the presence of banding and the
columnar and equiaxial regions were macroscopically
defined, as previously explained. Nevertheless, on a
smaller scale, the structures that form the columnar
and equiaxial grains were not yet revealed. Figure 9a
shows the columnar zone (representative of all speci-
mens) where cellular (Fig. 9b) and cellular dendritic
(Fig. 9c) substructures are also present. Alloy solidifica-
tion generally produces cellular or dendritic microstruc-
tures. These structures are characterized by micro-
segregation patterns which depend on the cell/dendrite
morphology and spacing [41]. The presence of both
microstructures was reported by Katayama and
Matsunawa [42] in re-solidified 310S steel, with the
formation of 100% austenitic cells with less than
2 μm in size, which was attributed to the high cooling
rate (1500 °C/s). This result is very different from what
occurs at slower cooling rates. Slower rates promote the
formation of a duplex structure that when furnace-
cooled (0.17 °C/s) promotes lacy ferrite and intercellular
ferrite formation. Meanwhile, GTAW welding (220 °C/
s) produces intercellular eutectic ferrite, observed at aus-
tenite grain and cellular dendritic boundaries.

Rapid solidification covers the range of growth veloci-
ties from 10−2 to 103 m/s, where the most important vari-
able is the interface growth rate (R). In this work, and as
defined by Eq. 3, the maximum growth rate ranged from
1.5 × 10−2 to 2.0 × 10−2 m/s, in the lower limit of the rapid
solidification range.

Fig. 7 a Scheme of changes in the solidification rate (R) as a function of laser beam velocity for remelting metals in laser cladding. bMacrostructure of
the longitudinal cross-section on deposit 5 (etched using ferric chloride)
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In laser treatment, R increases rapidly from zero at the bot-
tom to a value close to the beam rate at the surface [43]. The
temperature gradient (G) is highest at the bottom and decreases

with thickness. Thus, in laser re-solidification, the G/R ratio is
infinite at the bottom of the melt pool, promoting planar
growth. Zhang et al. [31] reported the formation of a white

Fig. 8 Processed images used to
determine the effects of power
and laser speed on the size of the
equiaxial zone (in blue): a sample
1, 1000 W, 15 mm/s; b sample 3,
1000 W, 20 mm/s; c sample 5,
1200 W, 15 mm/s; and d sample
7, 1200 W, 20 mm/s

Fig. 9 SEM images of the columnar zone structure in sample 2: amelting
line showing internal grain structure, b detail showing cell formation as
solidification substructure, c evidence of cell-dendritic structure

formation, and d detail of the cells in the columnar zone. Samples were
etched using ferric chloride
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bright band, which matches with the formation of a planar
interface growth. Cell formation is related to a low solute
amount or a high G/R, but lower than the needed to assist the
formation of a planar solidification, which explains the pres-
ence of a cell structure near the fusion line [42]. The generated
cells are thin, smaller than 5 and 15 μm in width and length,
respectively (Fig. 9c). The existence of a cellular-dendritic
structure means a change in chemical composition or a reduc-
tion in G/R ratio, with the latter being the most likely reason.

The equiaxial zone presents cellular, cellular-dendritic,
and columnar dendritic substructures (Fig. 10). Also valid
in this region is the principle described for the columnar
zone, ruled by the constitutional supercooling, which is
described by G/R and the cooling rate (G.R) [44]. Both
are noted in the Fig. 10, where the microstructural alter-
ations manifest from the bottom toward the top of the
deposited bead. G/R growth decreases from the bottom
toward the surface (where G/R is lower), which suggests
that constitutional supercooling is greater on the surface,
promoting the formation of columnar dendrites. In the
middle and bottom, the constitutional supercooling is

weaker, ensuring the presence of slower solidification
growth microstructures like cellular and cellular-dendrites.

Similar observations are described by Blecher et al. [45] in
the fusion zone in nickel-chrome alloys, with the formation of
cells spaced apart about 3 μm on the bottom, and columnar
dendrites near the center with dendrite arm sizes from 4 to
5 μm. They consider a laser power of 1.0 kW and calculated
G/R and G.R parameters, from the surface up to a 2 mm depth,
of 0.5–103 K s/mm2 and 400–105 K/s, respectively. Clearly, G/
R and G.R increase with depth, similar to what is observed in
Fig. 10. Blecher et al. [45] define a G/R contour of 13 K s/mm2

as the transition value from cellular to columnar dendritic mor-
phologies. Therefore, at values lower than 13 K s/mm2, the
morphology is likely to be dendritic.

The effect of G.R on the structure size is evident: the size of
the cells in Fig. 10d (3 μm) is smaller than those shown in Fig.
10b (6 μm), indicating that the former experienced a faster
cooling (G.R lower). Blecher et al. [45] indicate that the cell
spacing ranges from 3.9 μm at 8000 K/s to 1.7 μm at
90,000 K/s, where the relationship between microstructure
size and cooling rate is defined by Eq. 4.

Fig. 10 SEM micrographs of
sample 1 reveling the substructure
in the equiaxial zone and their
evolution from the bottom to the
top of the deposit. The arrow
indicates the increase direction of
the solidification parameter (G/R)
and the cooling rate (G.R).
Samples etched using ferric
chloride
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λ ¼ b G:Rð Þn ð4Þ

3.5 Solidification mode

The OM images of the samples etched using ferric chloride
solution presented lighter and darker regions, related to the
types of phases in the sample. Since ferric chloride preferen-
tially attacks the ferritic phase, the darker phase in the Fig. 3a
and Fig. 5a is ferrite.

In conventional welding processes, the expected micro-
structure in the fusion zone could be conservatively predicted
by the Schaeffler diagram, based on the chemical composi-
tions of the substrate and the filler metal. Nonetheless, a more
accurate approximation can be achieved using the diagram
WRC-1992, shown in Fig. 11 [47]. For stainless steel single
layer clad by GMAW, Shahi and Pandey determined the op-
timal dilution in 20% [48], while Yoganandh et al. set it in
10% [49]. The Creq and Nieq for substrate (18% and 9.8%) and
metal power (20.5% and 14.3%) were measured from Table 1.
Moreover, with a dilution mean value of 15% and using the
WRC-1992 diagram, the formation of a duplex-type micro-
structure in the fusion zone can be predicted, with 3 to 4% of
ferrite and primary ferrite solidification with second-phase
austenite (FA). For such conditions, the ferrite microstructure
could be of the interdendritic type, vermicular (skeletal), or
lathy (Lacy) [2], as predicted and observed by Murugan and
Parmar [50] in a cladding deposited on stainless steel by
GMAW-A.

However, in the laser process, the phenomenon is different.
David et al. [51] describe how the cooling rate changes the
microstructure in 304 and 316 stainless steels, due to the fact

that solidification rates and postsolidification cooling rates
have a profound effect on the produced microstructures, by
favoring a reduction in the ferrite formation.

Such phenomena were confirmed in several stainless steels
by Elmer et al. [52]. Lippold [4] has suggested explaining the
formation of hot cracking in austenitic stainless steel through
the development of a microstructural map as a function of
solidification rate (R) and the WRC Creq/Nieq ratio, as shown
in Fig. 12. Authors like Frenk and Kurz [39] defined R values
of 200 to 2000 mm/s, very different from the values
established by Kurz and Trivedi [43], that covers the range
of growth velocities from 10 to 1000mm/s. As stated earlier in
this work, the maximum growth rate varies from 1.5 × 10−2 to
2.0 × 10−2 m/s, which is the considered range represented in
Fig. 12.

With these values, and for the 15% dilution (WM15%),
Fig. 12 indicates the formation of a fully austenitic structure.
However, the 15% dilution is an approximation. Therefore,
the dilution was measured and, with Fig. 11, the Creq/Nieq of
each deposit was determined. The results of the different de-
position conditions are provided in Table 3.With these results,
the region in blue (highlighted vertical range identified by
WM) is defined in Fig. 12, which outlines the dilution in the

Fig. 11 WRC-1992 diagram indicating the microstructures of the
substrate (red), the filler metal powder (blue), and the fusion zone
(black), according to the Nieq and Creq for filler and base metals and a
dilution of 15% in the fusion zone. Adapted from [46]

Fig. 12 Microstructural map showing the effect of chemical composition
and solidification rate on the final microstructure in austenitic stainless
steels. The red line is the Cr/Ni equivalent ratio of the fusion zone with a
dilution of 15%. The blue region describes the dilution range measured in
the laser cladding samples, and the green band denotes the range of
solidification rate for the laser process. Adapted from [2, 3]

Table 3 Results of the measured dilution and calculated Creq/Nieq ratio
for the different deposition conditions using the WRC-1992 diagram

Condition 1 2 3 4 5 6 7 8

Dilution (%) 43 31 48 45 51 44 54 44

Creq/Nieq 1.58 1.54 1.60 1.59 1.61 1.58 1.62 1.58

2336 Int J Adv Manuf Technol (2021) 112:2327–2339



different samples and predicts the F/MA solidification in all
samples, agreeing with the observations of Apolinario et al.
[17]. Elmer et al. [46] reported that in stainless steels high
cooling rates favored the formation of austenitic cell structure,
while slower cooling led to the predominant formation of
cellular-dendritic austenite-ferrite (AF) structure.

The presence of austenite cellular and cell-dendritic struc-
tures was evidenced in the samples and presented in Fig. 6 and
Fig. 10, where the ferrite phase must be expected in the bound-
aries of the substructure. This result is different from that
presented by Katayama and Matsunawa [42]. In their work,
the solidification of a stainless steel with 20.6% and 14.8% of
Creq and Nieq, respectively, and cooling rates (G.R) from
220 °C/s to 15,500 °C/s, produced a change in the solidifica-
tion mode from skeleton (FA) to cellular (A). Similar conclu-
sions were made by David et al. [51], who remark that the
fully austenitic weld metal structures must be due to a change
in the solidification mode to one of primary austenite forma-
tion (A mode).

As it is not observed a disagreement between the observed
microstructure and those predicted in the map (Fig. 12), it is
possible to infer that the cooling rate in this laser cladding
process is low and similar to those recorded in conventional
fusion welding.

The presence of ferrite is confirmed by the action of ferric
chloride, being highlighted as the dark phase, located in both
columnar and equiaxial zones (Fig. 5). Therefore, the presence
of ferrite involves FA solidification and both regions.

4 Conclusions

In this contribution, laser coating was performed using as
substrate an AISI 304 stainless steel and an AISI 316 powder
as filler metal.

The shape of the deposited bead is related to the processing
parameters. The penetration varies mainly with the laser pow-
er and, to a lesser degree, with the powder mass flow because
the heat on the substrate is the energy coming from the trans-
mitted beam and from the particles heated by the laser beam
inside the interaction area. Regarding the bead height, there is
a marked effect of the turntable and the power of the beam, as
it allows producing the largest fusion and metal pile-up.
Finally, the width of the deposition responds essentially to
the laser power when the laser speed is low.

The appearance of face reinforcement depends on the
power required to melt the particles (Pmp), which is condi-
tioned by its speed, defined through the transport gas flow
of the powder.

Macroscopically, the deposits present the formation of
banding in addition to two regions in the fusion zone: a co-
lumnar zone and a central region with equiaxial grains.
Banding is generated by changes in microstructure size,

derived from the local variation in the solidification rate.
The growth of the columnar structure from the fusion line
toward the deposit surface occurs because this is the direction
of maximum temperature gradient. The equiaxial zone corre-
sponds to the column of grain growth parallel to the beam’s
direction, which gives the appearance of equiaxial grains, and
also explains why the size of the equiaxial zone changes with
scanning speed.

Microscopically, the columnar zone is characterized by the
presence of cellular and dendritic substructure, while in the
equiaxial zone cellular, cellular-dendritic, and columnar-
dendritic structures are observed. In both regions, the changes
are governed mainly by the solidification parameter (G/R),
with the microstructure size determined by the cooling rate
(G.R), both increasing from the surface to the bottom of the
fusion zone.
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