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Abstract

AlSiioMg alloy is widely used in marine, nuclear, petrochemicals, and food processing application parts operated in corrosive
environments. A selective laser melting technique is used to print the AlSiioMg parts. The printed specimen quality is influenced by laser
power (LP), scan speed (SS), and hatch distance (HD). Taguchi Lo orthogonal array is used for experimental planning, analysis, and
optimising printed parts' corrosion resistance. LP is the most dominating factor, followed by hatch distance and scan speed on the
corrosion current (corrosion resistance of sample). Taguchi method determined optimal conditions (LP: 270 W; SS: 1000 mm/s; HD: 0.10
mm) improve the corrosion resistance by 16.1%. The microstructure under optimal conditions exhibits minimal corrosion and oxidation on
the sample surface compared to sub-optimal conditions examined with scanning electron micrographs. Any novice user can use the results
of the optimal conditions for reduced corrosion current in the printed parts.

Keywords: AlSi10Mg, SLM Process, Taguchi analysis, Corrosion, SEM

1. Introduction

Aluminium alloys are widely accepted due to their excellent
properties (mechanical strength, chemical stability, resistance to
creep, and aqueous solutions) at elevated temperatures [1, 2]. The
aforementioned properties ensure aluminium alloys are treated as
advanced engineering materials and have proven their potential

applications in aerospace, marine, engine parts, turbine,
petrochemical, and nuclear reactors [3-5]. Furthermore, marine
and plants (parts of nuclear, petrochemical, and food processing
industries) find stringent applications in aggressive environments
[6]. Machining aluminium alloys viz., grinding operation to meet
the design requirements of the parts of applications above,
requires better mechanical properties in addition to resistance to
corrosion [7, 8]. The surface texture of machined components also
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influences the corrosion resistance [9]. The corrosion behaviour
of samples varies concerning different processes and their
parameters [10, 11]. Therefore, studying different processes and
optimizing influencing parametric combinations to improve
corrosion resistance requires worldwide research attention.

Additive manufacturing technologies employ layer-by-layer
deposition to build parts better than conventional processing
routes, offering better dimensional accuracy for fabricating
complex geometry profiles at reduced tooling cost [12, 13]. Seven
major classifications of AM techniques were developed in the
past two decades [14]. Selective Laser Melting (SLM) processing
route employs the desirable features of powder metallurgy and
casting methods [15]. The key takeaways of the SLM process are
[16]: a) the ability to build parts from simple profile parts to
complex geometries, b) material microstructure evolution from
single homogeneous to multi-material gradient. SLM process
transforms powders into solid parts subjected to cyclic heating
and cooling, resulting in non-uniform microstructure and
plasticity characteristics [17, 18]. This could induce residual
stresses in-built parts and cause deformation and cracks [19].
During their service life, residual stresses undergo fatigue crack,
which causes brittle fractures and induces stress corrosion [20].
Significant grain refinement in microstructure leads to better
tensile strength, hardness, and corrosion resistance [21, 22] and
strongly correlates with the SLM process variables [23, 24].
Notably, the selective laser melting variables depend largely on
mechanical and tribological properties [22]. Important to note that
the selective laser melting variables depend largely on mechanical
and tribological properties [23, 24]. Therefore, there is significant
scope to study the SLM variable's influence on the corrosion
resistance of build parts.

In recent years, attempts have been made with selective laser
melting techniques by distinguished researchers worldwide to
enhance the quality of the parts by conducting experimental,
analytical, and numerical tools and methods [25-29]. However,
the analytical model and numerical finite elemental (FE) models
use many assumptions while examining the thermal behaviour
during building AlsilOMg parts [29]. The FE method over-
predicted the melt pool width at higher heat input power, probably
due to assumptions in developing the model [25]. The
assumptions used to obtain the potential solutions led to less
realistic and impractical obtaining global solutions. The
experimental approach is applied to investigate the effect of
variables (factors of laser and scanning, material properties,
powder bed characteristics, and so on) on outputs (melt pool size,
density, surface and structural integrity, overlap rate, residual
stress, mechanical properties and so on) of the build parts [30-32].
Many process variables influence the quality of the parts, and
studying all variables at once, viz., trial-and-error experimental
approach, is impractical (i.e., time-consuming, material waste,
costlier, and so on). The statistical Taguchi method is applied to
plan minimum experiments and optimize the process outcomes
[24, 33-35]. Laser power, scan rate, hatch spacing, scan pattern,
and build orientation are the major SLM parameters investigated
and optimized for the outputs (hardness, density, surface
roughness, dynamic stress, and so on). The above literature
review confirmed that significant research efforts were made to
study the process variables and analyze their effects that could
optimize the mechanical and physical properties. AISil0Mg
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alloys are widely used in marine applications, and corrosion
studies are neglected in most research works.

Aluminium alloys find major applications in marine and other
(parts of nuclear, petrochemical, and food processing industries)
parts subjected to aggressive environments. These applications
require materials and parts that provide greater corrosion
resistance. SLM parts have proven to have greater potential to
offer better mechanical and physical properties. The present work
aims at a systematic and cost-effective approach to optimize for
minimum corrosion rate in AlSilOMg parts. The selection of
appropriate levels for a process variable is challenging due to the
large number of influencing variables and the requirements to
conduct large experimental trials in SLM. Therefore, the Taguchi
method is used to plan experiments and draw inferences based on
collected experimental data by applying analysis of variance. The
contribution of each variable to the corrosion resistance of
AlSi10Mg parts was studied. The optimal parametric conditions
responsible for minimizing the corrosion rate in building parts
were determined and validated by conducting experiments.

2. Materials and Methods

This section discussed the materials used, the experimental
matrix designed, the analysis conducted, the preparation of
corrosion samples and examination, and the determining optimal
conditions.

2.1. Materials and Process Variables

AlSi10Mg metal powders with an average size of < 35 um
were used to build the cube samples. The Laser spot size used in
the current work is 70 pm and Argon (Ar) gas is used as shielding
atmosphere to prevent oxidation and contamination during
melting. Figure 1 depict a schematic of the SLM process. Metal
powder is supplied from the powder supply compartment and
distributed uniformly over the build assembly area by the powder
roller. The laser nozzle smelts the powder by fusing it into the
required geometry for that layer. The build stage travels down
after every deposit is completed, and the procedure repeats till a
fully deposited model is formed. In the SLM process, many
variables (such as laser power, scan rates, atmospheric control,
gas flow, bed type, scan length, scan spacing, layer thickness and
machine type) influence the material properties and, in turn,
impact the printing quality [36, 37]. Laser power and scan speed
impact directly on the heat input, affecting the viscosity, melt
temperature and thermal conductivity [38]. Atmospheric control
and gas flow monitor the oxidation and ensure a stable
environment, preserving chemical composition and surface
tension [39]. The bed temperature and layer thickness affect the
cooling rates (or thermal gradients), affecting the particle bonding
and microstructure [40]. The component densification is
influenced by scan patterns, spacing, and machine-specific
parameters affecting the particle distribution, shape and
absorptivity. The LP, SS, layer thickness and hatch distance were
the major parameters influencing the properties of the printed
parts [41-43]. The relative interdependencies among the process
parameters and desired response optimization made the authors
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select different operating conditions for the same AlSilOMg
material [36, 44]. Therefore, pilot experimental trials were
conducted to decide the operating variables and consulting
literature [23, 44, 36]. The levels of each parameter were fixed.
Table 1 details the process parameters and operating levels used
for experimentation.

Table 1.
Input variables of SLM process
Levels Variables
Laser power, Scan speed, Hatch distance,
W mm/s mm
Low 240 600 0.08
Medium 270 800 0.10
High 300 1000 0.12

. Powder Roller

Powder Feed Chamber
Build Chamber

. Binder Spray Head
Laser Nozzle

Metal Powder

. Deposited Sample

NoaswN-

Fig. 1. Schematic of SLM Process
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Fig. 3. Flowchart illustrating the SLM process

The experiments to build samples are carried out in an inert
environment. The printed sample specimens' dimensions are
length x width x height: 10 mm x 10 mm x 10 mm. The cut
samples possessing dimensions (length x width x height: 10 mm x
10 mm x 3 mm) were used for corrosion examination. Figure 2
shows samples before and after corrosion, parts deposited
direction, and sample dimensions. The flowchart illustrating the
methodology used for the present work is shown in Figure 3.

2.2. Experiments and Statistical Analysis

Taguchi Lo experimental plan representing different sets of
laser power, scan speed, and hatch distance is presented in Table
2. Each trial is repeated thrice, and the average values of
corrosion behaviour (corrosion current density, i.e., colour) are
recorded to perform accurate statistical analysis and optimization.
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The signal-to-noise (S/N) ratio computation based on i

experimental runs (n = 9, for the present case) of j™ response (j =
1 for our work) corresponds to experimental output data (Icor.),

which is presented in Equation 1. S/N ratio is computed

correspond to corrosion current density (ICorr.) examined for
each experimental run (n =9).

S/ N,

lower—the—better

=-10 log[’lﬁi ! J 1)

2.3. Preparation of medium and inhibitor

HCIl, 99.3% pure, procured from Merck, India, was used to
prepare a 1 M HCI solution. 12.5 ml of HCI was dissolved in 500
ml of distilled water, which was initially standardized with NaOH
and oxalic acid. The calculated amount of NaCl crystals was
dissolved in distilled water to prepare a 0.4 M NaCl solution.

24. Potentiodynamic
measurement

polarization

PDP is an electrochemical technique used to study the
corrosion behaviour of materials by measuring their response to
an applied potential. This method provides valuable insights into
the anodic and cathodic reactions occurring on the material's
surface, helping to evaluate inhibitors' corrosion rate, mechanism,
and efficacy. The test coupons of dimensions of 1 cm x 1 cm x
0.2 cm) were taken. Before electrochemical studies, the specimen
was precisely abraded with 500-1600 SiC papers. The prepared
samples were subjected to distilled water washing, flushing, and
air drying.

Potentiodynamic polarization studies are conducted on
cleaned samples subjected to 1M of solution (HCI) for 30 mins
and 0.4 M of NaCl. The sample was first submerged in the
corrosive medium for roughly 400 seconds to measure the open-
circuit potential (OCP). Experiments were conducted on an
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electrochemical station CHI660E -CH instrument with a scan rate
of 0.1 mVs™!, from —250 mV cathodically to +250 mV anodically.
The experimental setup for corrosion rate measurements consists
of AlSiioMg printed sample (working electrode), platinum, anode
(counter terminal), and reference cathode (calomel electrode). The
Tafel plots data were used to extrapolate the current density
(icorr.) obtained viz. anodic and cathodic corrosion potential. All
experimental runs are conducted at room temperature. The
resulting data points is recorded against the calomel electrode and
the corrosion rate was computed from the resulting Tafel graphs.

2.5. Optimization of SLM parameters

The output data (corrosion current) from L9 experiments were
transformed to S/N ratio data. The factor analysis is done by
estimating the contribution of individual factors on the corrosion
current experimental data. The main effect plots are drawn to
examine the variable influence when varied between their
respective operating levels. The mean values of the S/N ratio at
each level for a factor is estimated. The higher value of the S/N
ratio corresponds to the levels of each factor determine the
optimal condition for the SLM process.

3. Results and Discussion

This section discusses the results of corrosion current
influencing variables and optimization of SLM parameters. The
model-determined optimal conditions are validated by conducting
confirmation experiments and morphological analysis.

3.1. Data collection and Factor analysis

Table 2 shows the input-output data collected according to Lo
Taguchi experiments. The collected data was analyzed for the S/N
ratio data corresponding to Icorr. (refer to Table 2).

Table 2.
Input-output data of SLM process
Exp. No. Input variables Output Variable S/N ratio of Icor. (dB)
Laser Power, W  Scan Speed, mm/s  Hatch Distance, mm fcorr. Cr(10%  n(%)
(Afem?)  (mpy)

1 240 600 0.08 0.01692 1.844 75.00 95.43
2 240 800 0.10 0.01478 1.611 78.16 96.67
3 240 1000 0.12 0.02170 2.365 67.94 93.27
4 270 600 0.10 0.02084 2.271 69.21 93.62
5 270 800 0.12 0.01651 1.832 75.60 95.65
6 270 1000 0.08 0.01543 1.681 77.20 96.23
7 300 600 0.12 0.01814 1.977 73.20 94.83
8 300 800 0.08 0.03326 3.625 50.86 89.56
9 300 1000 0.10 0.01835 2.000 73.89 94.73
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Table 3.
Formulae used to construct Pareto ANOVA for three factor levels
Factors A B C Total
Sum of factor levels 1 SAq >Bi >Cq T= ZXZA1+ ZAx+
>A3
SA2 >B2 >Ca
3 >A3 >Bs3 >C3
Sum of squares of differences SSa SSs SSc SSt
Degrees of freedom 2 2 2 8
Percentage contribution ratio SSa/SSt SSe/SSt SSc/SSt 1

SS, = (24, ~24,) +(24, ~24,) +(24,~24,)’: SS, =(ZB, —=B,)’ +(=B,~2B,)" +(=B,~2B,)’
SS. =(2C,~2C,) +(=C, - 2C,) +(2C, —2C, )’ : SS, =SS+ SS, + SS..

Table 4.
Results of Pareto ANOVA for Corrosion Current (Icorr.)

Factors Levels Laser Power Scan Speed Hatch Distance Total
Sum at factor levels 1 285.37" 283.88 281.22
2 285.50 281.88 285.02 849.99
3 279.12 284.23 283.75
Sum of squares of differences 79.78"" 9.65 22.45 111.88
Percent contribution 71317 8.62 20.07 100.00

Optimal factor levels

A2B3Ca (Not among the Lo set of experiments)

285.37"=95.43 + 96.67 + 93.27 (Laser power variable at Level 1)

79.78™ = ((285.37-285.50)) + ((285.37-279.12)%) + ((285.50-279.12)%)

71317 = (100 x 111.88)/79.78

Pareto analysis of the variance table was constructed to
estimate the factor effects is presented in Table 3. Pareto analysis
of the variance table to estimate the factor effects on Icorr. based
on S/N ratio data (refer to Table 4). A higher S/N ratio value
ensures better corrosion resistance properties. The main effects at
each factor level drawn based on the S/N ratio are presented in
Figure 4. Laser power at 240 W (low values) showed lesser
corrosion resistance compared to their operating mid-values (270
W). Low laser power might not be sufficient to melt all metal
powders because lesser energy density causes weak bonding
between powdered particles [23]. The weak bonding ensures the
presence of defects (pores, voids, discontinuities, irregularities,
etc.) and is treated as activation sites for corrosion [45]. Laser
power at a higher (300 W) value resulted in higher energy
densities that might often burn out some materials [36]. In
general, burnt material possesses lighter densities with many
potential defects, which is the driving force to undergo corrosion.
Scanning speed at low (600 mm/s) and medium values (800
mm/s) causes melt pool instability. The increase in melt pool

surface tension and viscosity causes porosity in metal powders
and results in corrosion [46]. Low values of hatch distance (0.08
mm) create an increased area of overlapping scan lines, and low
heat input values create gaps due to insufficient fusing of metal
powders at high values (0.12 mm) of hatch distance [47, 48].
Therefore, the stable melt pool might achieve mid-values of hatch
distance that could result in better mechanical and tribological
properties [23]. Higher mechanical properties could result in
better corrosion resistance. Higher S/N ratio values corresponding
to each factor were determined for their respective operating
levels to decide the optimal condition. The optimal conditions
(laser power: 270 W; Scan speed: 1000 mm/s; Hatch speed: 0.10
mm) correspond to selective laser melting conditions for offering
better corrosion resistance obtained through Pareto ANOVA,
which is presented in Table 4. The optimal conditions are found to
be different from those of Lo experiments. This occurred due to
the multifactor nature and the optimal conditions thus obtained
from the set of 3% = 27 experiments.

ARCHIVES of FOUNDRY ENGINEERING



www.czasopisma.pan.pl P N www.journals.pan.pl

S
Laser Power Scan Speed Hatch Distance
95.0
8 /
= 94.5 1 \
Z
7
S
= 94.04
b
=
93.5
93.0
240 270 300 600 800 1000 0.08 0.10 0.12

Selective Laser Melting Process Variables
Fig. 4. Main effect plots of SLM variables on corrosion current

3.2. Potentiodynamic studies

The Tafel curves for different selective laser melting
condition samples in 1 M HCI acid in the presence and absence of
04 M NaCl are given in Figure 5. The potentiodynamic
parameters like corrosion current density (Icorr), corrosion rate
(CR), and inhibition efficiency (n %) values are reported in Table
2.

From the Tafel plots, the anodic curves represent the metal
dissolution process (oxidation), while the cathodic curves
correspond to the hydrogen evolution process (reduction). It was
observed that the overall shape and characteristics of the plots
remained consistent regardless of the presence or absence of an
inhibitor. This indicates that the corrosion mechanism of mild
steel in 1 M HCI solution remains unchanged in the presence of
inhibitors at varying concentrations. A mixed-type inhibition
characterized by the corrosion potential (Ecorr) shift that was less
than + 85 mV relative to the Ecorr. of the blank solution. The plot
demonstrated its role as a mixed-type inhibitor, suppressing both
cathodic and anodic reactions upon adding 0.4 M NaCl. The
corrosion rate (CR) and inhibition efficiency (n%) values were
calculated using Equations (2) and (3), respectively.

_kxi, xEW

O,y (mmy™)

o -
corr

(IE)% — lCOVF'D_l

corr

Where, K = 0.00327 mm g/A cm.y, icorr. = is the corrosion
current density in A/cm?, p = is the density of the material
undergoing corrosion, and EW = equivalent weight of the metal.

Here 1° and I’

orr ? ory AT€ the corrosion current density values
in the absence and presence of 0.4 M NaCl inhibitor respectively.
Table 2 shows that the corrosion current density (icorr.) and
CR increased with the increase in laser power, and there was no
substantial change in efficiency with each change in scan rate or

laser power.

-3 4

-5

— Exp. 8
— Exp. 4
— Exp. 3
= Optimal condition
— Exp. 7

Exp. 9
= Exp. 5
— Exp. 1
= Exp. 2
1— Exp.6

logi (mA cm?)

-7 4

T T T
-0.786, -0.686, -0.586,

E (mV) vs. SCE

T T
-0.986 -0.886,

Figure 5. Tafel curves of SLM condition samples.

3.3. Confirmation experiments

Pareto Analysis of variance determined optimal conditions
that minimize the corrosion rate are different from those obtained
for Lo experiments. Experiments conducted for optimal conditions
(laser power: 270 W; Scan speed: 1000 mm/s; Hatch speed: 0.10
mm) resulted in lesser negative values of corrosion potential than
that obtained for Lo experiments. The Icorr. value corresponding
to optimal condition is 0.00001244 mA/cm? (comparatively lesser
than those of Lo experiments presented in Table 2). Therefore,
Taguchi is one of the cost-effective methods that not only
minimizes experiments but also provides detailed process insights
(percent contribution of variables and optimal conditions) that
improve 16.1% decrease in the response variable (Icorr. value of
SLM parts compared with Exp. 2 of Table 2).
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3.4. Corrosion morphology samples

Post-corrosion analysis of the microstructure of Corrosion rate
of Optimal conditions (Laser power: 270 W; Scan speed: 1000
mm/s; Hatch spacing: 0.10 mm) Shown in Figure 6, and Sub-
optimal condition (Laser power: 300 W; Scan speed: 800 mm/s;
Hatch spacing: 0.08 mm) shown in Table 2 (experiment 8). Figure
6(a) illustrates the micrograph of AlSil0Mg alloy deposited using
the SLM process before corrosion at a magnification of 500x,
depicting a reasonably uniform fine-grained surface. Also, a few
micrograph areas display duskier spots, which may be due to
slight porosity or un-melted particles. Thus, fine textured
micrograph  signifies a through-melted and relatively
homogeneous structure, which is a typical characteristic of the
process [13, 24, 49]. The microstructure of the optimal condition,

VEGA3 TESCAN  SEM HV: 25.0 kV.
SEM MAG: 500 x Det: SE

SEM HV: v WD: 15.02 mm |1 | |
SEM MAG: 500 x Det: SE 100 pm
View field: 415 pm  Date{midly): 04118122 CoE-BMS Callege of Enginesring

WD: 1716 mm |
100 ym

View field: 415 pm  Date(m/dly): 11/26721

as shown in Figure 6b, at different locations, is observed that the
morphology is less corroded with minimum oxidation on the
surface. However, in the case of sub-optimal conditions, the
surface morphology can be more oxidised, with larger or
significant corrosion on the surface at various locations of the
sample presented in Figure 6¢c. The microstructural analysis is
clearly in line with the experimental results and Taguchi Lo
analysis and design of experiments. Figure 6 shows the SEM
images of metal samples in the absence and presence of 1 M HCl
and after adding 0.4M NaCl. Substantial corrosion on the
uninhibited metal surface, as indicated by pits and rough surface
characteristics, indicates serious surface degradation. The
inhibited solution has effectively restricted the corrosion process
on the surface treated with 0.4 NaCl, as evidenced by the
smoother morphology and less corrosion evidence.

VEGA3 TESGAN|

WD: 14.82 mm | L

SEM MAG: 500 x [ 100 pm

VEGA3 TESCAN| SEM HV: 25.0 kV

View field: 415 um  Date(m/dly): 11/26/21 CoE-BMS College of Engineering

CoE-BMS College of Engineering

Fig. 6. SEM micrograph of (a) Samples before corrosion (b) Corrosion micrographs at optimal condition (c) Corrosion micrographs at
Sub-optimal condition
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Fig. 7. EDAX analysis of (a) Samples before corrosion (Blank) (b) Corrosion micrographs at Optimal condition

ARCHIVES of FOUNDRY ENGINEERING



T

Additionally, corrosion products have been deposited on the
uninhabited metal surface, indicating active corrosion. Inhibited
surfaces, however, show a significant reduction in these products.
Compared to the inhibited sample, the corroded sample shows
prominent micro-cracks and fragmented grain boundaries. Figure
7(a) depicts the EDAX analysis of the AISi10Mg sample (optimal
condition) before corrosion, wherein Al is the main element
followed by Si and traces of Mg. Figure 7(b) depicts the EDAX
analysis of the AISilOMg sample (optimal condition) after
corrosion, having Al as the main element followed by C, Si, Cl
with traces of Na, Fe, Mg and O. Compared to Figure 7(a), the
Figure 7(b) display a rugged and uneven face, implying corrosion
effects. Carbon and iron content may be due to external
contamination or corrosion consequences. Al falls from 87.49%
(Figure 7(a)) to 67.15% (Figure 7(a)), which is indicative of
material degradation. Also, Na and Cl suggest that the material be
exposed to a saline corrosive environment. Overall, the EDAX
assessment proves substantial material degradation after
corrosion. Na, Cl, and enhanced oxygen imply chloride-induced
corrosion activity, which is widespread in environments with
saltwater exposure. The loss in Al content and surface roughness
further supports the corrosion impact. Analogous interpretations
were observed by various researchers [50, 51].

4. Conclusions

The SLM processing route is used to fabricate AlSilOMg
samples useful for corrosive environment applications. Parts that
offer better corrosion resistance rely on process variables (LP, SS,
and HD). The Taguchi method is used to investigate and optimise
process variables to provide better corrosion resistance. The
following conclusions are drawn from the present research efforts.
. Taguchi Lo experiments consist of different sets of

conditions (LP, SS, and HD) and are operated at three
levels. Pareto analysis of variance ensures that LP
contributes 71.31%, HD 20.07%, and SS 8.62% to corrosion
current (a way to measure corrosion resistance).

. The optimal conditions (LP: 270 W; SS: 1000 mm/s; HD:
0.10 mm) improved corrosion resistance. These conditions
are found to be different from those of the Lo experiments.
This justifies the optimal conditions determined from only
nine experimental trials (which reduce material waste,
effort, cost, and time) compared to 3% = 27 experiments.
Experimental values of corrosion current resulted in
0.00001244 mA/cm? (comparatively 16.1% decreased
corrosion resistance among the minimum value of Lo
experiments).

. From the SEM morphology, less corrosion with minimum
oxidation was observed on the surface with optimal
conditions (LP: 270 W; SS: 1000 mm/s; HD: 0.10 mm).
However, in the case of Sub-optimal conditions
(Experiment 8), more oxidation with more extensive or
significant corrosion at various locations was observed on
the sample surface
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