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Abstract

The 17-4 PH stainless steel possesses distinguished applications due to its inherent properties. Higher surface roughness in
Selective Laser Melting (SLM) parts limits their use in a wide range of applications. Higher surface roughness deteriorates
the important functional properties (strength, fatigue, corrosion resistance and so on). Therefore, an attempt is being made
to reduce the surface roughness during the processing stage itself, rather than the dependency of costly secondary post-
processing routes. Taguchi L9 experiments are conducted to analyze the laser power, scan speed and hatch distance influence
on the surface roughness of SLM parts. Laser power showed the highest percentage contribution equal to 83.37%, followed by
scan speed of 9.92% and hatch distance of 6.71%, respectively. Taguchi method determined optimal conditions (laser power:
270 W, scan speed: 1000 mm/s and hatch distance: 0.08 mm) through Pareto analysis of variance resulted in low values
of surface roughness with a value equal to 4.11 um. The results of the optimal condition can be used by any novice user to
obtain better surface quality in SLM parts. Further, the Taguchi method can be applied to optimize any process with limited

experimental trials and resources.
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1.0 Introduction

The Additive Manufacturing (AM) process employs
a computer to design the three-dimensional object to
create models (i.e., replicas of the actual part) and build
complex products (which are often difficult to process
with traditional manufacturing routes) with machines
at reduced cost and time*?. AM technology is classified
majorly into three processing routes such as liquid
(fused deposition modelling, stereolithography), solid
(laminate object manufacturing) and powder (binder
jetting, selective laser route (melting and sintering,
electron beam melting and so on)**. The Selective Laser
Melting (SLM) technique combines the desirable features

*Author for correspondence

of both casting (rapid heating and cooling with short
duration at liquid state) and powder metallurgy (ensures
homogeneous mixing and milling of metal powders
resulting in particle fracture and deformation causes cold
welding and powder compaction) techniques to build
the metal parts*®. The effective use of powdered material
with the possibility to recycle and reuse unmelted
powders are the other potential advantages of the SLM
technique®. Surface remelting occurs during the SLM
process, which affects the surface chemistry of the part
resulting in a thick surface oxide layer (external skin)
leading to higher surface roughness™. SLM technology
build parts are widely accepted in many industrial parts
(such as aerospace, automotive, marine, jewellery and so
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on)’. Precipitate-hardened steels (in particular, 17-4 PH
stainless steel) possess distinguished properties and are
therefore being widely used in structural and commercial
engineering applications'®"?. However, the surface quality
of 17-4 PH steels-based SLM build parts is found inferior
which limits most of the engineering applications and
requires significant research attention'.

In recent years a significant amount of research
efforts has been made to improve the surface quality of
printed parts viz. theoretical, traditional experimental
and statistical design of experiment approaches. The
theoretical mathematical model was developed to predict
the surface roughness of steel 316L alloy, with a set of
parameters (layer thickness, sharpness)™. The developed
model did not predict the optimal parameters for
minimum surface roughness. Central composite design-
based experiments are performed to study the influencing
parameters (laser power: LP, scan speed: SS, and scan
spacing) on the surface roughness of build parts'®. Full
factorial design-based experimental trials are performed
by conducting a set of factors (LP, SS, and scan spacing)
on the surface roughness of aluminium alloy build
parts’’. The effect of process parameters (LP, SS, layer
thickness: LT, slope angle: SA) on the surface roughness
of Hastelloy X parts'®. SLM parameters (LP, SS, energy
density) were examined on the surface roughness of AlSi
10Mg parts®. The traditional or try-error experimental
approach increases the trial runs with an increased set
of variables that maximizes the cost because of generated
wastes (material, labour, energy, time and so on)*Z.
Furthermore, the detailed analysis (significance or non-
significance) of process variables and their optimal
variables on the surface roughness is not fully solved in
the literature. In addition, common efforts made to reduce
the surface roughness by analyzing parameters resulted
in different optimal conditions for different materials'®".
This occurs because of the difference in material melting
temperature and properties, and therefore the levels of
variables are found to be different.

Thesstudy of the surface roughness of different materials
is of industrial relevance due to their detrimental effect on
the corrosion and fatigue properties of aluminium alloy*.
Lower surface roughness of Ti6Al4V alloy-based SLM
parts resulted in increased dimensional accuracy and
density?. Surface roughness reduced from 39 to 0.13 pm,
and showed increased strength (tensile, yield) and
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ductility in the printed parts®. The secondary processing
techniques (sandblasting and chemical etching) applied
to improve the surface quality of the biomedical part
(Ti6Al4V alloy) resulted in enhanced strength and
ductility in the built parts®. However, secondary, or post-
processing could increase the overall cost of the built
products. Therefore, minimizing the surface roughness
without the requirement of post-processing techniques is
of industrial relevance.

From the above literature review, the following
observations are noticed: higher surface roughness
in build parts affects fatigue, dimensional accuracy,
tensile strength, and corrosion resistance properties.
Therefore, higher surface roughness limits the use of
the parts in many engineering applications. Although
secondary post-processing techniques reduce the
surface roughness with simultaneous improvement in
strengths and other properties, provide compromising
at a higher cost. Therefore, the present work aims to
study the process variables (LP, SS, and hatch distance:
HD) at reduced experimental trials utilizing the Taguchi
method. The significance of each variable is analyzed on
the surface roughness of 17-4 PH stainless steel build
parts. Furthermore, optimal parametric conditions are
determined that could reduce the surface roughness
with limited practical experiments at reduced wastes
(labour hours, material, and energy waste). The practical
suitability of the model is tested and validated by
conducting experiments. The optimal conditions that
result in low surface roughness are recommended to
industries.

2.0 Materials and Methodology

The 17-4 PH stainless steel finds major applications in
aerospace, biomedical applications, dental implants,
impellers, hydraulic piston pumps, chemical, and food
processing industrial applications®*'. The chemical
composition possessing the main alloying elements is
presented in Table 1.

Selective Laser Melting (SLM) is an advanced
manufacturing process used for creating complex
and precise metal parts. In the current work, SLM
samples are built by fusing thin layers of metal powder
of 17-4PH SS using a high-power laser, layer by layer,
based on a digital model. This technique enables the
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Table 1. Chemical elements of 17-4PH Steel

Elements Wt. (%)
Cr 15-17.5

Ni and Cu 3-5each

Mn and Si Max. 1.0 each
Nb 0.15-0.45
Mo Max. 0.5

;
3 | X:10
|
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Figure 1. Schematic representation of cube dimension of
printed parts.

production of parts with complex geometries and fine
details, unachievable through traditional manufacturing
methods.

The 17-4 PH Stainless Steel metal powders were
used to print the SLM parts. The metal powders are
procured from the local supplier possessing ~50 + 10 um
powder size. SLM 280 machines were used to fabricate
the samples possessing a cube dimension of 10 * 10 * 10
mm. A schematic representation of the cube specimen is
presented in Figure 1. During experimentation, the laser
spot diameter, operation beam focus, minimum scan line
and layer thickness were maintained constant equal to 0.2
mm, 100 pm, 100 pm, and 40 um, respectively. The control
factors that influence the surface roughness of build parts
are varied according to the Taguchi experimental matrix
and recorded surface roughness data to conduct analysis
and optimization. The most influencing parameters and
operating levels on surface roughness are determined
by performing trial-run experiments and referring to
published literature!¢**. The parameters and levels defined

Vol 71 (12) | December 2023 | http://www.informaticsjournals.com/index.php/jmmf

Table 2. Control variables and levels

Variables Levels
(low:1, medium:2 and high:3)
Laser power 240, 270, 300 W
Scan speed 600, 800, 1000 mm/s
Hatch distance 0.08,0.10, 0.12 mm

for developing the model performing the analysis and
optimizing the process are presented in Table 2. Similar
parameters were chosen by Sheshadri et al'.

3.0 Experimental Details and
Measurements

Experiments are performed for the set of three process
variables and their operating levels utilizing the Taguchi
L, matrix. Three replicate experiments are conducted for
each set of conditions.

Table 3. Surface roughness of 17-4PH stainless steel
parts

1;:\?(5’.‘ LE W mslfl’/s il'il’ Rousglllll;f:scse, pm
L, 240 600 0.08 9.37£0.31
L, 240 800 0.10 8.43£0.24
L, 240 1000 0.12 7.73£0.18
L, 270 600 0.10 6.35£0.17
L, 270 800 0.12 542 +0.18
L, 270 1000 0.08 4.11+0.13
L, 300 600 0.12 5.34+0.15
L, 300 800 0.08 497 £0.12
L, 300 1000 0.10 5.67 £0.10

Surface roughness measurements are performed
on the SLM build parts possessing cube dimensions (1
cm’) using a surface roughness tester. Mitutoyo surftest
SJ-210 testing equipment was used to record the surface
roughness data on as-built 17-4 PH stainless steel
specimens. The sampling length to record the surface
roughness data is 2.5 mm on the build sample. A total of
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24 surface roughness data (8 roughness data on each cube
x 3 replicate experiment) is recorded at each experimental
condition and the average surface roughness (Ra) value
is used to perform analysis and optimization (Table 3).
In addition, optical profilometry (Veeco NT910, USA)
is used to know the three-dimensional surface profile
of printed parts. The instrument accuracy of optical
profilometry is 0.1 nm in Z resolution and 1% as step
height accuracy.

4.0 Result and Analysis

Taguchi L, experimental matrices were used to record
the input-output data. The results of experimental data
were analyzed to examine the parametric significance.
Pareto analysis of variance was used to perform factor
analysis and determine optimal parametric conditions
responsible for lower surface roughness on the printed
samples.

4.1 Data Collection and Analysis

Experiments are conducted according to the L, matrices
of the Taguchi method. Taguchi L, matrices are selected
for experimentation, as there are mainly the three most
influencing variables (LP, SS, HD) operating at respective
three levels. The surface roughness values are recorded
to correspond to each experimental condition (Table
3). The measured surface roughness data is transformed
to Signal-to-Noise (S/N) ratio data by selecting lower-
the-better quality characteristics utilizing Equation (1).
Note that lower surface roughness on the printed parts
is desirable to ensure better properties (strength, fatigue,
corrosion resistance and so on). The computation of
the S/N ratio (represented with n,) corresponding to
b experimental condition of j® output is done using
Equation (1).

it

ni=1

S/Ngg =1, --10 1og(l_2 (y,.j)2] 1)

In Equation (1), the terms p and m represent the
number of responses and experimental runs. The
measured surface roughness data transformed to S/N
ratio data utilizing Equation (1) for all L, experiments is
presented in Table 4.
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Table 4. Surface roughness of 17-4PH stainless steel
parts

Exp. No. Rougsl:l;fez:s:e(pm) S/N Ratio (dB)
L, 9.37 +0.31 -19.43
L, 8.43 +0.24 -18.52
L, 7.73+0.18 -17.76
L, 6.35+0.17 -16.06
L, 5.42+0.18 -14.68
L, 4.11+0.13 -12.28
L, 5.34+0.15 -14.55
L, 4.97 £0.12 -13.93
L, 5.67 +£0.10 -15.07

The analysis of the significance of factors on the
response (output) is of industrial relevance to know the
complete detailed process insights. The S/N ratio data
corresponding to actual surface roughness data is used
to analyze the factor significance. Pareto analysis of
variance table is constructed comprising of the Sum at
Factor Levels (SFL), the Sum of Squares of Differences
(SSD), Per cent Contribution (PC) and optimal
condition for each factor. Higher values of the S/N ratio
are desirable for better quality characteristics (i.e., lower
surface roughness in the printed part). In other words,
low values of surface roughness are always the result of a
higher S/N ratio. To know the factor significance the sum
of each level of an individual factor is estimated. The SSD
corresponds to each factor that could help to determine
the PC of that factor. A higher PC value indicates the
most significant parameter (i.e., change in the factor
levels shows maximum changes in surface roughness in
the printed parts) towards surface roughness. If the PC of
the individual factor is less than 5%, then that parameter
is insignificant when tested at a preset confidence level
of 95% (P-value < 0.05). Optimal conditions for the
SLM process are determined based on the SFL values of
each factor. Higher values of SFL indicate the optimal
levels correspond to that factor. The summary of the
results of the Pareto analysis of variance for surface
roughness is presented in Table 5. Based on the Table 4
S/N ratio data, Table 5 was constructed. The percentage
contribution for a factor is computed based on SSD. (i.e.,
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Table 5. Pareto ANOVA results for surface roughness

Factors Levels LP

SS HD Total

1 -55.7

-50.1 -45.6

SFL 2 -43.0

-47.1 -49.6 -142.3

3 -43.6

-45.1 -47.0

SSD 309.6

36.9 24.9 379.4

PC 83.37

9.92 6.7 100

OL

LP,SS.HD,

-__.1'
' e
g o — '_/( -

Mean of 5N ratios

-18

I 273 17 2731 273

Signal-to-rnoise: Smaller i bettar

Figure 2. Main factor effects based on mean values of S/N
ratio data.

Percent Contribution (PC) for LP = SSD of LP/SSD of
total).

The effect of individual factors is determined based on
the computing values of levels of each factor (Figure 2).
All factors had a significant effect on surface roughness,
as their percentage contribution was found to be greater
than 5%. Laser power showed the highest contribution
with 83.37%, followed by scan speed and hatch distance
equal to 9.92%, and 6.7%, respectively.

The effect of individual factors on surface roughness,
when varied between their respective levels is presented
in Figure 2. Low and high values of laser power resulted in
lesser surface roughness values. Low laser power results
in lesser energy and may not be sufficient to melt all metal
powders which results in voids or porous, microporosity,
coarse shape of solidified tracks and discontinuities
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which causes higher surface roughness on the build
parts”. In addition, lesser energy density values as a
result of lower laser power generate a small quantity of
liquid with high viscosity and remains a liquid state for
a very short duration causing large size irregular pores
i.e., rough surface on build parts***. Higher values of
laser power (i.e., 300 W) resulted in higher energy density
which tends to remelt the already solidified molten pool,
burn of material, and vaporization of materials causing
spherical pores or discontinuities or adhered material
on the build parts*. The said reasons create the rough
surface on the build parts. The surface roughness values
decreased with the increased values in scan speed from
600 to 1000 mm/s. A higher scan speed at 1000 mm/s
may not have sufficient time to remelt the already
solidified melt pool, and all metal powders that melt with
large quantities possessing the lowest viscosity ensure to
fill of the small pores resulting in a better surface finish
in the build part. Similar observations are reported in
the published literature®. An increase in hatch distance
resulted in an increase in surface roughness on the SLM
build parts (Figure 2). This occurs because the overlap
between the melt track decreases with increased values of
hatch distance resulting in rough surface on build parts™®.
The levels of factors responsible for reduced surface
roughness determine the optimal condition for surface
roughness. The laser power, scan speed and hatch distance
maintained equal to 270 W, 1000 mm/s and 0.08 mm, are
the optimal conditions to yield better surface roughness
in the SLM process. The optimal condition derived from
the Pareto analysis of variance was found to be one of
the parametric conditions of L, experiments (i.e., Exp.
No.: L,). Therefore, the Taguchi method is efficient in
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Figure 3. Surface roughness of 17-4PH Steel parts: (a)
initial condition (Table 3, Exp. No.: L)) and (b) Optimal
condition (Table 3, Exp. No.: L ) determined by Taguchi
method.

optimizing the process with limited experimental trials
for obtaining better surface quality in the build parts. The
optimal condition resulted in a smooth surface compared
to the initial experimental conditions (Figure 3).

5.0 Conclusion

PH stainless steels possess major applications in medical
and many engineered parts. The surface roughness of
building parts directly affects the mechanical and other
functional properties. Therefore, attempts are being made
to reduce the surface roughness to conduct minimum
experiments without the need for costly secondary
processing routes (polishing, coating, sandblasting and
so on). The following conclusions are drawn from the
obtained results:
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o The effects of SLM factors (laser power, scan speed
and hatch distance) were analyzed by conducting
only 9 experimental trials. All SLM factors were
found to have a significant effect as their percentage
contribution was found to be greater than 5%.

o Laser power showed the highest contribution
equal to 83.37%, followed by scan speed and hatch
distance equal to 9.92% and 6.7%, respectively.

o The optimal conditions (laser power: 270 W, scan
speed: 1000 mm/s and hatch distance: 0.08 mm)
determined to yield a lower surface viz. Pareto
analysis of variance. The determined optimal
conditions through statistical analysis are one
among the L, experiments to yield lower surface
roughness with a value equal to 4.11 pm. Therefore,
Taguchi is an effective method to perform analysis
and optimize the process.

o The combination of medium and higher scan speed
with minimum hatch distance resulted in lower
surface roughness. Excess values of laser power
might result in remelting of already solidified
surface and evaporation, the burnt layer on the
top surface creates large irregularities and pores
resulting in higher surface roughness. Higher
scan speed may not cause evaporation and remain
liquid for a small duration with better viscosity to
fill the pores present (if any) on the metal surface
resulting in lower surface roughness on the build
parts. At low values of hatch distance, the overlap
between the melt track remains stable and ensures
a smooth surface on the build parts.
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Nomenclature

SLM: Selective Laser Melting

SFL: Sum at Factor Levels

SSD: Sum of Squares of Differences
PC: Per cent Contribution

AM: Additive Manufacturing

S/N ratio: Signal to Noise ratio

LP: Laser Power

SS: Scan Speed

H: Hatch Distance

R : Surface Roughness
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