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INTRODUCTION

automotive, medical, and aerospace applications [1-3]. The use of PH steels (15-5PH, PH-13-8 Mo, 17-4 PH, 17-7

PH, and PH-8 Mo) as structural parts are due to excellent hardness possess up to 49 HRc [4], weldability [4-5], wear
resistance [6], corrosion resistance, less distortion [7]. PH steels offer 3-4 times higher strength than austenitic stainless
steels, namely 304 or 316 [8]. In addition, PH steels exhibit reduced and better ductility during their service life of
components [9-10]. Strength is an essential property for any structural applications, and selecting an appropriate processing
route for fabricating parts economically is of industrial relevance.
Subtractive, formative and joining processes are widely used to fabricate structural parts made of PH steels [11-13].
Subtractive manufacturing removes materials to reveal parts, resulting in material wastage [14]. The defects, such as
segregations, nonmetallic inclusions, and non-uniform grain size, limit the use of the casting processing route [15]. The
defects in ingots limit the use of further processes, namely forging, rolling, welding and heat treatment processes that reduce
productivity [16]. Additive manufacturing (AM) technologies possess significant advantages over conventional
manufacturing routes, such as reduced number of operations and assembly parts [17], economical [18], ease of fabrication
of complex geometry structures with different combinations of materials [19], less material waste (i.e., 97% material efficient)
[20] and environment-friendly processing route [21]. AM technologies are the proven processing routes to fabricate patts,
and selecting the best among the seven different routes is of industrial and economic relevance [22].
AM techniques are classified based on liquid (stereolithography, fused deposition modelling), solid (laminate object
manufacturing) and powder (selective laser sintering, selective laser melting, binder jetting, electron beam melting)
processing routes [23]. AM processes are evaluated based on technical and economic criteria for processability, machine,
and materials [22]. AM techniques are evaluated for the early design stage's initial technical and economic feasibility screening
[24]. Selective laser melting techniques are comparable to selective laser sintering and outperform other techniques in terms
of printed parts' accuracy, strength, and ductility [24]. The SLM possess a 95% print success rate over 90% of SLS, which
reduces production costs [24]. SLM is designed as a hybrid process after combining desirable casting features and powder
metallurgy to build parts layer-by-layer [25]. The un-melted metal powders were recycled and reused, leading to a competitive
waste management advantage with SLM [26]. The un-melt metal powders greatly impacted void formation [27]. Maintaining
appropriate material composition with recycled metal powders led to material design complexity [25]. The laser remelting
improved the wettability, density, surface finish [28], mechanical properties [29], and microstructure [30] of SLM parts.
Removing unmelt metal powders during processing led to the formation of a thick oxide layer and deteriorating surface
quality [31]. The additional processing cost with the remelting strategy (adding 2 volumetric energy input is required to get
a better surface finish mechanical and microstructure properties) [32] hinders the extensive use of the laser remelting
technique. Therefore, attempts are required to improve parts quality during the processing stages employed in the SLM
technique.
Higher roughness on the print parts ensures surface irregularities (porosity on the surface and subsurface), which acts as a
nucleation site for corrosion subjected to an aggressive environment [33]. Microstructure changes from fine to coarse grains
resulted in reduced mechanical strength [34]. Porosity in SLM parts causes more corrosion rate, whereas they result in a
negligible impact on strength [34]. On the contrary, internal porosity decreases significantly the strength of the AISi10Mg
SLM parts [35]. The appropriate values of hatch spacing (i.e., adjusting the distance between points) parameter reduce the
un-melted defects in SLM parts [36]. The scan speed is adjusted with a change in point distance (PD) and exposure time
(ED) using a ratio of PD/ET [37]. The major disadvantages of SLM technology ate low build rate and build rate
computation using the product of layer thickness, scan speed and hatch distance [36]. The layer thickness directly influences
manufacturing lead time and is reduced by ~1.6 when varied from 45 to 75 pm [38]. Regardless of many experiments, the
authors conclude that significant attention must be paid to overcome shortcomings such as higher surface roughness, voids
or porosity, low relative density, strengths, hardness, and corrosion resistance. Table 1 details the authot's set of several
process variables of SLM techniques using OFAT and DOE-based methods. The optimized combination resulted in
significant differences in the final built parts of mechanical and microstructure characteristics. The disadvantages observed
from OFAT techniques are increased experimental trials with variables and levels resulting in energy waste (labour, material,
equipment, time-consuming, etc.) [39], interaction among the factors is neglected during process analysis on output
functions [40-41], does not predict outputs for the known set of inputs, which demand to perform experiments and get
trapped at sub-optimal solutions [42]. DOE technique overcomes the shortcomings of the OFAT approach, resulting in
better solutions [40]. DOE provides invaluable process insights into SLM techniques. However, the optimal conditions
differed for different materials because a) different process variables were investigated, b) different melting temperatures,

I )recipitate—hardened (PH) steels are engineered materials widely used to fabricate structural parts suitable for
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physical and powder composition, and c) different experimental and optimization methods. Furthermore, not many research
efforts have been conducted to analyze the individual responses (ultimate tensile strength and wear rate) and optimize
simultaneously both properties.

Steel

Input variables analyzed

Outputs

Material LP LT SS HD i s Optimization Ref.
W) () (mm/s) | (um)
SS304 200-300 50 300-500 1126%- Nil Strain OFAT Wen et al. 2020 [43]
SS316L 120-240 30 500-800 50-75 Nil RS OFAT Wagqar et al. 2021[44]
200-250 30 800 120 Nil TS, H & GS OFAT Yin et al. 2021[45]
SS316L 100-300 30 400-875 | 90-120 Nil TS, & H OFAT Hitzler et al. 2017[40]
Maraging 280 40 960 110 Nil CR OFAT Khan et al. 2021[33]
H13 170 - 400 - Nil D,H&TS OFAT Ren et al. 2019[47]
. Kluczynski et al.
316L 120-190 - 300-990 | 80-130 Nil TS, H, & RS OFAT 2020[48)]
316L 150-300 - 17;)8(_) 60-120 Nil RD & SR DOE-C Deng et al. 2020[49]
ET: 80- .
316L 400 200 - 4-64 180 s RD & TS OFAT Liu et al. 2021[36]
3160L 206-298 - 19;)8(_) 75-105 Nil H, D, & SR DOE-T Jiang et al. 2019[50]
. 600- . H, D, TS, &
Maraging 400 45-75 1500 - Nil SR OFAT de Souza et al. 2019[38]
316L 180-240 20-35 500-800 - Nil EC’Sll;S’ & DOE-T Li et al. 2021a[51]
17-4 PH 48 30 300 50 Nil TS & FS OFAT Yadollahi et al. 2017[52]
17-4PH | 48-49 30 300-350 | 50 Nil TS, CS & H OFAT Mahmoudi et al.
2017[53]
17-4 PH 162-207 30 1000- 52-66 DE: 3 RS, P, IR & DOE Linares et al. 2022[54]
1400 mm B
17-4 PH 195 40 750 100 BP}; 40 MS OAFT Vunnam et al. 2019[55]
PD: 70-
17-4PH | 200-350 30 - 70110 | o VED DOE-T Ozsoy et al. 2021[56]
BW: 70
17-4 PH 50 30 140 50 um H & MS OFAT Leo et al. 2019[57]
. H, CR & Garcia-Cabezon et al.
17-4 PH 38 30 140 70 Nil MS OFAT 2022[58]
960- . ED, RD, H, Kartikeya Sarma et al.
17-4 PH 80-100 30 1440 45 Nil & CR DOE-T 2023[59]

Table 1: Summary results of experimental investigation carried out on input-output of SLM process. OFAT: one-factor-at-a-time; DOE-
C: Design of experiments - central composite design; DOE-T: DOE-Taguchi; LP: Laser power; SS: Scan speed; LT: Layer thickness;
HD: Hatch distance; TS: tensile strength; GS: grain structure; H: hardness; RS: residual stress; SR: surface roughness; CR: Corrosion
rate; RD: relative density; CS: Compression strength; IR: Intensity ratio; B: Bending; MS: Microstructure; VED: Volumetric energy
density; PD: Point distance; BPT: Build plate temperature.

The work attempts to build 17-4 PH SS parts using the SLM technique. SLM technological parameters (LP, SS, and HD)
were studied to analyze the wear rate and ultimate tensile strength. The DOE-Taguchi method is applied for the
experimental plan and analysis of the parametric contribution with a statistical evaluation technique: Pareto Analysis of
variance. The limitation of DOE-Taguchi in determining the single technological parametric conditions of the SLM process
was addressed by conducting multiobjective optimization (super ranking concept). The optimized conditions are validated

and recommended to industry personnel for reference.
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MATERIALS AND METHODS

sing SLM technology, EOS GMBH gas-atomized 17-4ph stainless steel powder was employed for sample

deposition. SEM analyzed the powder particles' morphology, while iso 13320:2020 determined particle size

distribution (30 * 5 um). The particles displayed annular morphology with a uniform size distribution. Figs. 1(a)
and 1(b) depicted gas-atomized particles at 200x and a micro-dendritic pattern in 17-4ph stainless steel, respectively. Fig.
1(c) showed EDAX analysis, indicating iron (71.70%) as the primary constituent, with chromium, nickel, copper,
manganese, and trace elements detected.

17-4PH SS at Higher
Magnification of S00x

SEM HV: 250kV WD 16.18 mm SEM HV: 250kV WD: 1624mm
SEM MAG: 200 x Det: SE SEM MAG: 500 x

mmmm-mmm

[EFYCAl oc0 016 020 002 1844 151 7170 386 35l
116 028 012 004y 1953 151 70.69 3.62 3.05

Fe

Selected Area 1 =y «

102 19 136 153

Lsec:290  OCnts  0000keV  Det: Octane Pro Det

Figure 1: (a) and (b) Scanning electron micrographs of 17-4PH SS powders at lower and higher magnification; (c) EDAX analysis of 17-
4PH SS powders using SEM.

The X-ray diffraction pattern of the Selective laser melted 17-4 PH steel sample has been indexed to a-fe, martensitic phase
as indicated in the above figure. The respective hkl planes of (110), (200) and (211) indexed at 44.5, 65, and 82 degrees
respectively denote « phase. In the present work as depicted in XRD peaks it’s observed that the peak intensities are strong
in BCC a-phase as shown in the figure.

EXPERIMENTAL METHOD

n the current experimental work, 17-4 precipitation-hardening stainless steel (PHSS) parts were deposited using
Selective Laser Melting (SLM) having an average porosity of 0.0318%. This process is notable for its precision in
fabricating metal parts directly from a 3D CAD model by melting metal powder layers using a high-energy laser beam.
The experiment employs a Taguchi L9 orthogonal array to systematically study the effects of three SLM parameters at three

160



4
0/ 4
{ ¢ P. Sahadevan et alii, Frattura ed Integrita Strutturale, 70 (2024) 157-176, DOI: 10.3221/IGF-ESIS.70.09 ( y

levels. Three SLM parameters are studied at three levels each based on our previous work [60-62] which implies the
investigation focuses on optimizing these parameters to achieve the best possible material properties and surface finish of
the 17-4 PHSS parts. Each experimental condition was repeated three times, ensuring reliability and statistical significance
in the results.
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Figure 2: XRD pattern of 17-4PH SS-SLM Processed steel.
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Figure 3: SLM process flowchart.

A fiber laser, operating at a wavelength of 1083 nm, equips the used SLM machine. The studies were conducted with a
consistent laser spot size of around 100 pm, ensuring that the printed parts had precise and intricate details. The SLM
procedure was carried out under a vacuum condition of 5¢® MPa to avoid oxidizing of the samples. This controlled
environment is crucial for maintaining the integrity and material properties of the parts. Argon gas (pressure 1e® MPa) was
introduced during the experiments to study its effect on the build quality under different climatic conditions, which helps
in improving the build quality and reducing defects. A detailed explanation is revealed in our previous work [62]. The SLM
process is depicted as a flowchart in Fig. 3. This summary encapsulates the critical aspects of the SLM experimental setup
for 17-4 PHSS parts fabrication, indicating a thorough and well-controlled approach to exploring the effects of various
parameters on the printing process and resulting part quality. Fig. 4 depicts the sample dimensions and samples deposited
using SLM process.
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CAD Drawings with Sample SLM Printed Sample
Dimensions

Figure 4: (a) and (c) Samples dimensions of wear and tensile test (b) and (d) 17-4PH SS wear and tensile test samples deposited during
the SLM process.

RESPONSE MEASUREMENTS

tensile strength and wear rate. These measurements provide insights into the material's durability, resistance to

deformation under stress, and its performance under frictional forces, which are vital for numerous engineering
applications. Below is an outline of how tensile strength and wear rate measurements were typically conducted in the current
work.

T o thoroughly assess the quality of parts produced by SLM, it's critical to evaluate mechanical properties such as

Tensile test

Tensile test specimens are printed according to standard geometries specified in relevant standards (ASTM E8/E8M-15a)
[63-64] through SLM process. Universal Testing Machine (UTM) is used for measuring tensile strength. The test specimen
is mounted on the UTM using grips that align with the specimen's axis. The machine then pulls the specimen at a constant
strain rate (0.2mm/sec), and data acquisition software records the force and displacement until the specimen fails.

Wear test

Wear test specimens are printed according to standard geometries specified in relevant standards (ASTM G99) thru SLM
process and wear test was conducted by pin-on-disk method. The wear factors, such as load and sliding distance, are
maintained at a constant value of 50N and 2000m, respectively, during the experiments. The sample is subjected to wear
under specified conditions (load, speed, counter face material, and environment). The wear track is often measured
periodically, and the test is conducted for a duration of 10 minutes. The wear rate was directly noted down from the
computerized display unit from the experimental set up. These tests are essential for understanding the mechanical
performance and durability of SLM-printed 17-4 PHSS parts. SEM studies were done for meticulously analyzing fracture
and wear surface of the samples.
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RESULTS AND DISCUSSION

parametric conditions are determined using Pareto ANOVA for various response functions. The super ranking
method optimizes UTS and WR simultaneously. Validation experiments confirm model accuracy, with the detailed
methodology presented in Fig. 5 for achieving high UTS and low wear rate.

( Start )

A\

Identify control variables of Step 1: Experimental Plan
selective laser melting process

T he Taguchi L9 plan is employed for experiments and data collection, with subsequent statistical evaluation. Optimal

Step 2: Conduction of experiments

\d

Taguchi L9 experimental plan Step 3: Measurement of responses

for input-output data analysis

Step 4: Transform output data to S/N ratio data

y Step 5: Pareto ANOVA for parametric analysis
Multiobjective optimization:
Super Ranking Concept | Step 6: Determine optimal parametric levels for all responses

y
Step 1: Transform experimental output data to S/N ratio data for each output

Step 2: Rank the S/N data for each experimental trial (highest S/N ratio is assigned with rank 1)
for each output

Step 3: Square the rank variable of each output
Step 4: Add the squared values of each output to get single or master output
Step 5: Pareto ANOVA for parametric analysis

Step 6: Determine optimal parametric levels for all responses

v

Confirmation experiments to validate the Super ranking concept f—- End

Figure 5: Framework in modelling and optimization of SLM Process.

DATA COLLECTION

for planning and experimentation, followed by data collection (refer to Table 2). Each trial run was repeated thrice

and recorded the average values of three UTS and WR (refer to Table 2). The experimental output data is transformed
to signal-to-noise ratio data-based quality characteristics with larger-the-better for UTS and smaller-the-better for WR (refer
to Table 3). The S/N ratio output data is computed by applying equation 1 and 2. The computed values of the S/N ratio
for each run are represented with 7 corresponding to #be / output.

: ; LM variables (LP, SS, and HD) influence the quality of build parts. Therefore, the L9 experimental plan was made
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SL No.  LP(W) SS (mm/s) HD (mm) UTS (MPa) WR (um) at 50 N
1-SS 240 600 0.08 1112+ 54 92.86 £ 2.2
2-S§ 240 800 0.10 1146 £ 4.8 8256+ 1.4
3-SS 240 1000 0.12 1155+ 6.3 80.82 + 3.7
4-SS 270 600 0.10 1173 £5.1 80.59 + 2.8
5-8S 270 800 0.12 1184 + 3.2 68.96 £ 4.3
6-SS 270 1000 0.08 1196 £ 4.1 49.83 £ 3.5
7-SS 300 600 0.12 1185+ 3.5 65.60 £ 4.1
8-SS 300 800 0.08 1188 £ 2.6 54.05 £ 2.7
9-SS 300 1000 0.10 1206 + 1.7 43.65 3.0
Table 2: Input-output data of the SLM process.
Designation/ S/N Ratio of S/N Ratio of wear
Exp. No. UTS (dB) rate (dB)
1-SS 60.92 -39.36
2-SS 61.18 -38.34
3-SS 61.25 -38.15
4-SS 61.39 -38.13
5-SS 61.47 -36.77
6-SS 61.55 -33.95
7-SS 61.47 -36.34
8-SS 61.50 -34.66
9-SS 61.63 -32.80
Table 3: S/N ratio results of UTS and WR of 17-4PH Stainless Steel Sample.
PARETO ANOVA

insights on quality characteristics (i.e., outputs) are of industrial relevance. Pareto analysis of the variance table is

constructed wherein the individual factor significance on the output is estimated. The factor's significance on
outputs could help the industry personnel provide detailed process insights. S/N ratio with higher-the-better quality
characteristics data were used to construct the Pareto ANOVA table. Pareto ANOVA tables comprise sum at factor levels
(SFL), the sum of squares of differences (SSD), percent contribution and optimal parametric condition. The sample
computation of SFL, SSD, and PC is presented in Table 4. Notably, higher values of the S/N ratio are treated as best once
the actual output is transformed into S/N ratio data, irrespective of lower-the-better or higher-the-better quality
characteristics. SFL is estimated to determine the factor effects (i.e., parametric significance) and percent contribution on
individual output. SSD is an essential parameter to determine the percent contribution of individual factors to the output
analyzed. The significance of parametric contribution is estimated for the preset confidence level set at 95%. The highest

T o obtain better performance in SLM build parts, appropriate control of process variables and their behavioral
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PC value is designated as the dominant factor influencing output. The PC value of less than 5% signifies that the factor is
insignificant. The optimal parametric conditions of SLM process variables are determined corresponding to the highest
value of SFL for each factor.

Pareto Anova for UTS

The individual factor effects of SLM variables were analyzed (subjected to three operating levels: low, medium, and high)
on the performance of UTS are presented in Fig 6. Low and medium values of LP (240 W and 270 W) resulted in lower
UTS values. Low LP value causes lesser energy density (energy density is directly proportionate to LP, wherein lower LP
results in lesser energy density), resulting in unmelt metal powders when building the parts. The unmelt powder causes
pores, voids, or discontinuities around the coarse-grained solidified structure, resulting in premature failure in-built parts
[65]. The lesser energy density ensures that a small quantity of molten metal remains liquid for a short duration, resulting in
microporosity in SLM-built parts [66]. A higher laser power of 300 W is sufficient to melt all metal powders to produce
strong parts with minimal defects, resulting in better tensile strength in the SLM parts. Increased values of SS from 600-
1000 mm/s showed higher UTS (refer to Fig. 0).

SS HD
61.5
R=
g 614
N
G
S 61.31
g
= 6124 i
61.1- ‘

240 270 300 600 800 1000 0.08 0.10 0.12
Selective Laser Melting Variables

Figure 6: Main factor effects for ultimate tensile strength (S/N ratio).

Lower UTS values recorded with scan speed maintained at 600 mm/s are attributed to the following reasons [67-68]: lower
SS require higher temperature to melt all metal powders and low melting temperature due to lower SS causes many metal
powders to remain un-melt in dense powdered particles leading to void or pore formation in-built parts. Higher SS ensure
better fusion characteristics, ensuring all metal powders undergo melt and fill the pores (present, if any) tends to produce
sound strength inbuilt part [69-Xie et al. 2021]. Hatch distance increased from 0.08-0.1 mm, resulting in improved UTS,
and after that (i.e., up to 0.12 mm) showed negligible change in UTS. The overlap between the melt track decreases with a
proportionate increase in HD. Lower HD tends to melt the already solidified layer on the build parts, causing vaporizing or
burning of metal with defects remaining on the metal parts, causing lower UTS. The PC contribution of LP, SS and HD on
UTS was 78.42%, 18.7% and 2.88%, respectively. HD was found to have a negligible effect due to their lower PC and was
consistent with published literature [70-Sheshadri et al. 2021]. The optimal parametric conditions determined viz. Pareto
ANOVA is LP;SS;HD, (LP: 300 W, SS: 1000 mm/s, and HD: 0.1 mm). The determined optimal conditions are from the
L9 orthogonal array experiments (Experiment No. 9 or 9-SS).

Pareto ANOV'A for WK

Fig. 7 presents the details of the main effect plots drawn from the S/N ratio values of WR. An increase in LP from 240 to
300 W resulted in higher wear resistance in SLM parts. Lower LP may not be sufficient to raise the temperature required
enough to melt all metal powders, causing pores and discontinuities around the unmelt metal powders. Higher wear rates
at lower LP in the SLM build parts are attributed to unmelted metal particles inside the pores [71]. SLM parts were built by
the powdered layer possessing predefined thickness by the CAD model. The SS varied during experimentation, ranging
from 600-1000 mm/s, resulting in a linear increase in wear resistance (i.e., decreased WR). The material undergoes a rapid
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temperature tise, resulting in a dense liquid pool and even the possibility of re-melt the already solidified layers, ensuring the
fill of pores (present, if any) at higher SS [71]. The effect of hatch distance on wear rate is presented in Fig. 7. The HD
determines the overlap size of scan tracks. Lower HD ensures more overlaps on the build parts, resulting in higher energy
density input, which causes a more stable liquid pool to fuse the metal powders [72]. Note that the melt pool becomes
unstable and inadequate melting due to reduced heat input with increased HD beyond the critical value [73]. The above
phenomenon results in better compact density and, therefore, lesser WR. The mathematical computation could help to
determine the effects of an individual factor in terms of percent contribution for LP, SS, and HD equal to 61.72%, 33.63%
and 4.65%, respectively. Pareto ANOVA determined optimal condition for low wear rate in SLM parts is LP3SS3HD1 (LP:
300 W, SS: 1000 mm/s, and HD: 0.08 mm. The optimal conditions are found different to that of L9 expetiments (refer to
Table 2) and are expected probably due to multi-factor nature of total nine experiments performed compared to that of 27
(Number Levels factors = 33) [74-76]. The practical utility of the model determined optimal conditions were confirmed by
conducting practical experiments resulting in a reduced wear rate of 41.23 = 1.7 um.

Mean of S/N ratio

-39+t —; } } ; } } } ; r
240 270 300 600 800 1000 0.08 0.10 0.12
Selective Laser Melting Variables
Figure 7: Main factor effects for wear rate (S/N ratio).
Responses Ultimate tensile strength Wear rate
L
Factor elve LP SS | HD |Total| LP SS HD Total
Sum at factor 1 183.36 183.78 183.97 | 552.4 | -115.84 -113.82 -107.96 3085
levels 2 184.41 | 184.15 184.20 -108.85 -109.76 -109.26
3 184.60 | 184.43 184.19 -103.79 -104.90 -111.26
The sum of squares | ) .. | o6a | 010 341| 21964 | 11969| 1656 355.9
of differences
. . 78.42%*
Per cent contribution % 18.70 2.88 100 61.72 33.63 4.65 100
Optimal levels LP3SS3HD2 LP3SS3HD1

183.36 = 60.92 + 61.18 + 61.25
2.68%F = ((183.36 - 184.41)% + (183.36 - 184.60)>+ (183.41 - 184.6)
78.42%%% = 100%(2.68/3.41)

Table 4: Pareto ANOVA (based on S/N ratio) results for UTS and WR

Multiple objective optimizations: Super Ranking Concept

Taguchi determined the optimal conditions for maximizing the UTS LP3SS3HD?2 and minimizing the WR LP3SS;HD1. The
single optimal condition can only be determined subjected to multiple objective optimizations, i.e., SRC. Multiple objective
optimizations determine many potential solutions and rely on assigned weight fractions to individual objective functions.
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SRC estimate a single optimal condition for multiple outputs without assigning the weight fractions. The mathematical steps
illustrating determining the optimal solutions for multiple outputs corresponding to a single parametric condition are
presented in Fig. 5. The individual factor effects on combined responses (SSR: WR + UTS) were estimated by constructing
the Pareto ANOVA. Note that the Pareto ANOVA table was constructed based on the actual values of SSR. LP was found
to have a dominant effect with the highest contribution equal to 81.01%, followed by SS and HD, equal to 18.66% and
0.33%, respectively. Note that the minimum values of SSR (the sum of all the squared rankings) are considered the optimal
condition. Rank 1 cotresponds to the highest S/N ratio values among the L9 experimental trials. Therefore, minimum
values corresponding to the sum at each factor level were treated as optimal conditions for the SLM process. SLM's optimal
parametric condition that satisfies both WR and UTS is LP3SS3HD3 (LP: 300 W, SS: 1000 mm/s, and HD: 0.12 mm).
Interestingly, the SRC determined optimal conditions are not from L9 experiments (refer to Table 2) and therefore,
confirmatory experiments were carried out to validate model accuracy. The determined optimal conditions resulted
experimentally the WR and UTS equal to 47.65 * 1.9 pm and 1197 £ 5.3 MPa.

SL Input Variables Ranking | Squared Ranking | SSR
No. I'1p W [SS, mm/s | HD,mm | UTS [ WR | UTS | WR
1-8§ 240 600 0.08 9 9 81 81 162
2-SS 240 800 0.10 8 8 64 64 128
3-SS 240 1000 0.12 7 7 49 49 98
4-SS 270 600 0.10 6 6 36 36 72
5-8§ 270 800 0.12 4 5 16 25 41
6-SS 270 1000 0.08 2 2 4 4 8
7-SS 300 600 0.12 5 4 25 16 41
8-SS 300 800 0.08 3 3 9 9 18
9-SS 300 1000 0.10 1 1 2

Table 5: Super ranking concept-based multiobjective optimization of SLM process (*SSR: sum of squared ranking).

Factors Levels LP SS HD | Total
Sum at factor levels 1 388 275 | 188 | 453.7
2 121 187 | 202
3 61 108 | 180
A sum of squares of differences 181818 | 41874 | 744 | 9.74
Per cent contribution 81.01 | 18.66 | 0.33 100
Optimal levels LP5SS;HD3

Table 6: Pareto ANOVA results for Super Ranking Concept.

Fracture surface analysis

Fig. 8 depicts tensile fracture surface morphology of 17-4 PHSS samples at different conditions. From the fracture surfaces
different features such as curved voids, gas porosity, keyhole void, rapid fracture facet, dimples and stream flow patterns
are observed.

Fig. 8(a) depicts fractographs of 17-4 PHSS at LP1SS1HD1 condition (LP: 240 W, SS: 600 mm/s, and HD: 0.08 mm)
displaying ductile-brittle fracture due to the presence of rapid fracture facet, uneven small sized dimples (~1 to 2 um) was
detected throughout the surface with flat surface at few regions, these surfaces influenced a even rupture surface owing to
rapid fracture and parting of two contiguous grains. The presence of both rapid fracture facets and dimples indicates that
the material experienced a combination of ductile and brittle fracture mechanisms. The rapid fracture facets are indicative
of brittle failure, where crack propagation occurs rapidly without significant plastic deformation. In contrast, the dimples
suggest areas of ductile failure, where the material underwent some degree of plastic deformation before failure. AM
specimen failure was also attributed due to surface severity brought on by internal voids formed by unmelted particles and
gas entrapment. Similar observations were made by Aripin et al. [77].
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Figure 8: Tensile fracture surface morphology of (a) 17-4 PHSS sample at LP1SS1THD1 condition (b) 17-4 PHSS sample at LP3SS3HD2
condition (c) 17-4 PHSS sample at LP3SS3HD?3 condition.

Fig. 8(b) depicts fractographs of 17-4 PHSS at LP3SS3HD2 condition (LP: 300 W, SS: 1000 mm/s, and HD: 0.10 mm)
displaying ductile fracture due to the presence of fine sized dimples throughout the region with river flow patterns. The
presence of fine-sized dimples across the fracture surface is a classic indicator of ductile fracture, where the material
undergoes significant plastic deformation prior to failure. Dimples form through the nucleation, growth, and coalescence
of micro voids under tensile stress. The fine size of these dimples suggests a relatively uniform and controlled deformation
process, likely facilitated by the optimized energy input and material interaction under the LP3SS3HD?2 condition. The
observation of river flow patterns alongside dimples further supports the ductile nature of the fracture. River flow patterns
are indicative of localized plastic deformation and are typically observed in materials that have undergone significant ductile
tearing. These patterns can also highlight the direction of crack propagation through the material, providing insights into
the stress state duting failure. These results ate in line with Aripin et al.'s microstructure findings [77]. Also, less voids, cutled
voids, gas porosity, keyhole void ate observed in Fig. 8(b).

Fig. 8(c) depicts fractographs of 17-4 PHSS at LP3SS3HD?3 condition (LP: 300 W, SS: 1000 mm/s, and HD: 0.12 mm)
displaying ductile fracture due to the presence of fine sized dimples throughout the region with voids and gas porosity at
few places. The uniform distribution and equivalent size of the dimples on the fracture surface could result in a significant
extent of extension. Also, the presence of fine-sized dimples across the entire fracture surface is a hallmark of ductile
fracture. Dimples are micro voids that form as the material undergoes plastic deformation, indicating that the material
absorbed a significant amount of energy before failing. The uniform distribution and equivalent size of the dimples suggest
a consistent and homogeneous material response to stress across the fracture surface, likely leading to enhanced ductility
and fracture toughness. A common ductile fracture mechanism called necking phenomena was clearly seen on the sample's
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fracture surface. additionally producing holes and cleavage surfaces in a few areas of the sample. These results are in line
with Zhao et al.'s microstructure findings [78].

Overall, it can be observed that LP3SS3HD3 condition has generally promoted ductile fracture characteristics in 17-4 PHSS,
indicative of good material toughness and deformability, attention must be paid to minimizing defects like voids and gas
porosity to further improve material performance.

Wear surface analysis

Fig. 9 depicts SEM morphology of 17-4 PHSS samples. The SEM microstructure of the 17-4 PHSS sample, as obtained, is
shown in Fig. 9(a). It shows a finely defined, characteristic columnlike plank-form martensitic structure within identifiable
preceding austenite grains. Also, at this resolution (2.00kx) elongated structure made up of a few different shades ranging
from darkish to bright is observed along porosity at few areas. According to Ponnusamy et al., martensite was seen as a
darkish, popping area with undefined regions [79].

From Figs. 9(b), (c) and (d), numbering 1 to 7 denotes sliding direction, abrasive worn-out area, specks, deep abrasive pits,
thick grooves, thin grooves, and narrow abrasive pits.

Fig. 9(b) depicts wear track of 17-4 PHSS at LP1SS1IHD1 condition (LP: 240 W, SS: 600 mm/s, and HD: 0.08 mm)
displaying extensive wear-out surface characterized by abrasive worn-out area, specks, deep abrasive pits, thick grooves
throughout the surface. The wear track also indicates that the material surface has undergone significant degradation due to
abrasive wear, indicated by aforesaid characteristics (specks, deep abrasive pits, thick grooves) indicating that the material
has been deformed due to hard protuberances forced against and moving along the surface.

'SEM morphology of As-received 17-4PHSS | LP=240W; SS = 600 mms ';H,= 0.08 mm
' © sample 1 WR= 92.86% 2.2 um at 50 N Load

RPN

IS T PRI
e O SR~ . o

-

SEM HV: 25.0 kV WD: 13.98 mm VEGA3 TESCAN
SEM MAG: 200 x Det: SE

| LP=300W; SS = 1000 mms ;H;= 0.12 mm
WR= 47.65= 1.9 pm at 50 N Load

) ‘ !

SEM HV: 25.0 kV WD: 13.98 mm VEGAS TESCANE  SEM HV: 25.0 kV WD: 13.98 mm
SEM MAG: 200 x Det: SE 200 pm SEM MAG: 200 x Det: SE

Figure 9: SEM morphology of (a) As-received 17-4 PHSS sample (b) Extensive worn-out surface (c) Least worn-out surface (d) Moderate
worn-out surface.

Fig. 9(c) depicts wear track of 17-4 PHSS at LP3SS3HD1 condition (LP: 300 W, SS: 1000 mm/s, and HD: 0.08 mm)
displaying least wear-out surface characterized by abrasive pits at few areas followed by thin grooves throughout the surface.
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The wear features also indicated that abrasive pits and thin grooves across few areas reduced intensity of wear compared to
the extensive wear-out surface observed under the LP1SSTHD1 condition. The presence of abrasive pits indicates that there
are still interactions between the surface and hard particles, but these interactions are less severe or less frequent. Similarly,
the existence of thin grooves rather than thick ones suggests a lighter or less aggressive wear mechanism at play. Fig. 9(d)
depicts wear track of 17-4 PHSS at LP3SS3HD3 condition (LP: 300 W, SS: 1000 mm/s, and HD: 0.12 mm) displaying
moderate wear-out surface characterized by narrow pits followed by thick and thin grooves at few areas in the worn-out
surface. The wear features also indicated that a moderate wear-out surface, which suggests a wear severity that lies between
the extensive wear observed in the LP1SSTHD1 condition and the minimal wear found under LP3SS3HD1 conditions. The
presence of narrow pits, along with both thick and thin grooves, indicates a variety of wear mechanisms at play. The narrow
pits could suggest localized points of high stress or material removal, possibly due to the impact of hard particles or asperities
on the surface. The variation in groove thickness may reflect differences in the forces or movements experienced by different
parts of the surface during wear, with thick grooves indicating areas of higher stress or more aggressive wear, and thin
grooves pointing to areas where the wear was less severe. Overall, it can be observed that The variation in wear patterns,
seen by comparing the conditions LP1SS1HD1, LP3SS3HD1, and LP3SS3HD?3, underscores the complexity of wear
mechanisms and the significant influence of manufacturing parameters on material wear characteristics. Specifically, the
increase in hatch distance from 0.08 mm in LP3SS3HD1 to 0.12 mm in LP3SS3HD3, while keeping the laser power and
scan speed constant, suggests that even small changes in processing parameters can have noticeable effects on the wear
resistance of of 17-4 PHSS samples at different conditions. [70,80].

EDAX analysis of fracture and wear surface

Fig. 10(a) and (b) display the EDAX analysis of fracture surface and wear surface of 17-4 PHSS sample at LP3SS3HD3
condition respectively. From the EDAX analysis it’s clear that 17-4 PHSS mainly consists of Fe, followed by Ct, Ni and Cu
followed by traces of other elements.
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Figure 10: (a) and (b) show EDAX analysis of fracture and wear surfaces of 17-4 PHSS samples. Analysis reveals Fe as the main element,
with Cr, Ni, Cu, and traces of other elements present.

Microstructure analysis
The final characteristics of a component are determined by its microstructural attributes. This study investigated the
morphology of 17-4PH stainless steel (SS) using optical (OM) and scanning electron microscopy (SEM). Figs. 11(a), (b), (c),
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and (d) display micrographs of as-built SLM 17-4PH SS samples. These figures illustrate different printing parameters:
LP1SSTHD1 (LP: 240 W, SS: 600 mm/s, and HD: 0.08 mm) and LP3SS3HD2 (LP: 300 W, SS: 1000 mm/s, and HD: 0.10
mm). The samples were produced via SLM in an upright path.

The microstructural analysis shows a combination of two phases, martensite and austenite, with distinct variations seen
between the two groups of samples. Figs. 10(a)and(b) displays the as-built OM and SEM microstructures of the 17-4PH SS
sample. Fig. 11(b) displays striation-shaped cross-sections of the melt pools, which are identifiable as being parallel to the
direction of construction. The laser scans create melt pool characteristics that exhibit irregularly shaped holes and voids.
These accumulate near the margins of the melt pools, most likely as a result of gas being trapped. The presence of gaps and
voids can be partially ascribed to the utilisation of preset procedure settings, that can result in localised process disruptions
and inefficiencies linked to subpar mechanical and wear characteristics. The presence of porosity in the material can have
an immense impact on its mechanical properties, since it may serve as places where cracks can start.

Figs. 11(c) and 10(d) show a distinct, well-defined pilaster-like plank-form martensitic structure inside identifiable austenite
grains. Figs. 10(c) and 10(d) exhibit a reduced number of pores and voids in comparison to Figs. 11(a) and 11(b), resulting
in enhanced mechanical and wear characteristics.

SEM HV: 25.0 kV WD: 15.05 mm VEGA3 TESCAN

SEM MAG: 1.00 kx Det: SE

SEM HV: 25.0 kV WD: 15.02 mm VEGA3 TESCAN

SEM MAG: 1.00 kx Det: SE

Figure 11: Micrographs of (a) and (b) Optical and Scanning electron micrographs of as-received 17-4 PHSS sample at LP1SS1HD1
condition. (c) and (d) Optical and Scanning electron micrographs of as-received 17-4 PHSS sample at LP3SS3HD?2 condition

CONCLUSION

ultimate tensile strength and wear rate were analyzed statistically to determine the parametric influence and

T he SLM process route is applied to print the 17-4 PH SS according to Taguchi L9 experimental plan. Printed patts'
optimize individually and simultaneously. The following conclusions were drawn:
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1. EDAX analysis confirms the composition (Fe: 71.7%, Cr: 18.44%, Ni: 3.86%, Cu: 3.51%) of 17-4 PH SS in printed
parts. The powdered particles exhibited annular morphology and displayed an average size of 30 + 5 um.

2. LP of 300 W melted all metal powders to produce parts with minimal or no defects, resulting in better tensile
strength in the SLM parts. A higher SS of 1000 mm/s ensure better fusion characteristics, ensuring all metal
powders melt and fill pores (present, if any) to produce better strength in-built parts. Lower and higher HD
showed adverse effects on UTS. The LP, SS and HD contributions on UTS were 78.42%, 18.7% and 2.88%. The
LP: 300 W, SS: 1000 mm/s, and HD: 0.1 mm produced the highest UTS equal to 1206 MPa.

3. Higher WR was recorded at a lower LP of 240W, attributed to the unmelted metal particles inside the pores. A
higher SS of 1000 mm/s raise the metal temperature to cause a dense molten pool and has a greater probability
of remelting the already solidified layers to fill pores present, if any, in part. The melt pool becomes unstable due
to inadequate melting due to reduced heat input with increased HD beyond the critical value of 0.08 mm, resulting
in higher WR. The optimal condition for a low wear rate of 41.23 * 1.7 um is achieved in SLM parts for the
process vatiable set at LP: 300 W, SS: 1000 mm/s, and HD: 0.08 mm.

4. The super-ranking concept determined the optimal condition for multiple outputs (UTS and WR). LP was found
to have a dominant effect with the highest contribution, equal to 81.01%, followed by SS and HD, equal to 18.66%
and 0.33%. SRC determined optimal conditions (LP: 300 W, SS: 1000 mm/s, and HD: 0.12 mm), resulting
experimentally in the WR and UTS equal to 47.65 £ 1.9 um and 1197 * 5.3 MPa.

5. The fracture surface morphology of 17-4 PHSS samples at different conditions indicated different failures. 17-4
PHSS samples LP1SSTHD1 condition (LP: 240 W, SS: 600 mm/s, and HD: 0.08 mm) displaying ductile-brittle
fracture followed by LP3SS3HD2 and LP3SS3HD3 conditions displaying ductile failure.

6. The variation in wear patterns, seen by comparing the conditions LP1SSTHD1, LP3SS3HD1, and LP3SS3HD3,
underscores the complexity of wear mechanisms and the significant influence of manufacturing parameters on
material wear characteristics. Specifically, the increase in hatch distance from 0.08 mm in LP3SS3HD1 to 0.12
mm in LP3SS3HD3, keeping the laser power and scan speed constant, suggests that even small changes in
processing parameters can have noticeable effects on the wear resistance of 17-4 PHSS samples at different
conditions.
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