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Abstract

In the present work, we have investigated the sample orientation effects on the wear behaviour of laser powder
bed fusion (LPBF) processed 17%Cr-4%Ni precipitation hardenable (P.H) steel. The samples were printed in
three directions (horizontal (0°), vertical (90°) and inclined (45°) in the build platform using DMLS system.
(EOS M 290) machine. 17%Cr-4%NiP.H steel samples were given rough polish, medium polish and fine polish.
The microstructure was studied for both as printed and surface modified conditions using scanning electron
(SEM) microscopes. The wear test was tested for all three orientations. The input parameters selected were:
applied load of 10N, sliding distance of 1000m, rubbing time of 30min with ambient working temperature. The
wear rate was measured and compared among orientations for as printed and surface modified conditions to
identify the best orientation. The post worn surface was analysed using SEM to identify wear mechanisms. The
key findings from the present work are;

1. LB-PBF 17-4 PH SS as-built specimens have high wear rate as compared to polished conditions. This is most
likely related to the hardness of LB-PBF 17-4 PH SS.

2. Medium finish- Horizontal built LB-PBF 17-4 PH SS possesses higher wear rate as compared to rough and
fine finished samples. This is attributed to the lath martensite and austenite formed on the surface a result
of higher surface roughness of LB-PBF specimens.

3. Fine Finish —Horizontal built specimens showed least wear loss, but on an average the inclined built

specimens in all polishing conditions showed least wear loss.

4. Adhesion was the dominant wear mechanism, while abrasion and surface fatigue were the wear mechanisms.
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Introduction:

Laser powder bed fusion (LPBF) is an additive manufacturing (AM) technology that generates 3D structures
layer by layer by selectively melting powdered material with a laser. It is possible to create components with
sophisticated geometry that would be impossible to create using traditional methods without spending a
significant amount of time, money, and resources. There is no need for costly tooling, which allows for the rapid
manufacture of one-of-a-kind designs.

Adopters must introduce new product strategies for product qualification, quality assurance, production, and
post-processing requirement to implement LPBF in industry.Adeyemiet.al. (2018) discovered parameters to be
critical in the changing characteristics of the powder bed-based laser additive manufacturing process. This paper
provides an overview of the selective laser sintering and selective laser melting processes used in the powder
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bed laser additive manufacturing of stainless steel.For manufacturing items with complicated structures, laser
powder bed fusion is the ideal AM process. A laser beam selectively melts the powder layer. The platform is
then gradually lowered before a new powder coating is applied. The laser beam melting operation is then
repeated. DMLS is a trademark of EOS GmbH, a German additive manufacturing company that works
identically to SLM. Despite the use of the term "sintering," full melting occurs. DMLS is a 3D printing
technology that utilizes a computer-controlled, high-power laser beam to melt and fuse layers of metallic
powder together. Direct metal laser sintering (DMLS) is a 3D printing technology used in industry to make fully
functional quick metal prototypes and production parts.A variety of metals are employed to develop final
products that can be employed in aerospace, biomedical, electric vehicles, and the gas and oil industries.

Laser Powder Bed Fusion has several advantages, notably reduced material waste and cost (superior buy-to-fly
ratio), shortened development timelines for production, Rapid prototyping and low-volume production are
achieved. Capable of producing functionally graded components, Parts are fully customised on a batch-by-batch
basis, eliminating set designs. When compared to other additive manufacturing technologies, it has a high
resolution. Unmelted powder can be recycled effectively. The ability to join a broad array of material grades,
such as ceramics, glass, plastics, metals, and alloys, Elimination of the requirement for machining fixtures.
Mahmoudi, M.et.al(2017) analysed the influence of four major elements on the mechanical characteristics and
microstructural features of 17-4 precipitation hardening (PH) stainless steel: building orientation, heat treatment
(solution annealing and ageing), thermal history, and process parameters (SS).Due to its combination of high
tensile strength, high toughness, and high corrosion resistance at temperatures below 315°C (Lin et al., 2012),
17-4 PH SS is one of the most widely used types of PH SSs (Smith, 1981), making it suitable for applications
such as pump enclosures and steam turbine shafts and blades, for which AM is a worthy choice for fabrication
due to their complex geometries. Mahmoudi, M.et.al(2017)The goal of this work is to analyze the influence of
four major elements on the mechanical characteristics and micro structural features of 17-4 precipitation
hardening (PH) stainless steel: building orientation, heat treatment (solution annealing and ageing), thermal
history, and process parameters (SS).Gratton, Alexander(2012) revealed that when compared to typical
procedures, the mechanical characteristics of 17-4PH stainless steel are fairly good in the unprocessed form. If a
precipitation hardened stainless steel component manufactured using DMLS is required at this time, it is advised
that 17-4PH stainless is not yet ready for usage.Gu.et.al stated the effects of energy density on the porosity and
microstructure of SLM 17-4PH stainless steel pieces are investigated in this research.Rebecca F.
Schalleret.al(2017) compared traditional wrought material, the corrosion susceptibility of a laser powder bed
fusion (LPBF) additively generated alloy, UNS S17400 (17-4 PH), was investigated. A reduction in the greater
range of porosity caused by a lack of particle fusion, whether achieved by processing or post-processing
treatments, would be expected to significantly improve corrosion resistance.Because of their excellent
weldability and their austenitic/martensitic microstructure, PH SS have been widely used in metal-based AM.
Mahmoudi, M.et.al(2017).Analyzing and describing SLM 17-4 PH SS components has recently piqued the
interest of researchers. Jerrard et al. (2009) discovered metastable austenite in SLM-fabricated 17-4 PH SS
components. They conducted some experimental research on powder mixes for the SLM technique, which
resulted in unique architectures when powder combinations of austenitic 316L SS and martensitic 17-4 PH SS
with varied composition ratios were used. Facchini et al. (2010) examined a mainly austenitic 17-4 PH SLM SS
with excellent work hardening. The phase composition of the component was reported to be 72% extensively
faulted austenite and 28% strongly dislocated and twinned martensite. Murr et al. (2012) studied 17-4 PH SS
powders generated by atomization in either argon or nitrogen atmospheres, which corresponded to martensitic or
mainly austenitic powders, respectively. Several 17-4 PH SS components were made. Because argon has a
lower thermal conductivity than nitrogen, the authors stated that the products were martensitic using either an
austenitic or martensitic pre-alloyed 17-4 PH SS powder. Murr et al. (2012) investigated the production of
metastable austenite and its transition to martensite during SLM of 17-4 PH SS powders. It was demonstrated
that depending on the powder composition, SLM settings, and heat treatment, the microstructure and phase
compositions of metal alloy components produced by SLM might differ significantly from those generated by
traditional techniques. Gu et al. (2013) investigated the effect of energy density on the microstructure and
porosity of 17-4 PH SS SLM components. However, the wear properties of the SLM processed parts have only
rarely been reported.

To suggest a material in any field of application, it is necessary to run numerous physical, chemical, mechanical,
and tribological tests on it. Wear is the term used to describe material removal in the main body of tribology.
They were classified into many types based on various means, including abrasion, adhesion, erosion, chemical,
fretting wear, and corrosion. Wear is a result of surface interactions, more precisely the removal and distortion
of material as a result of mechanical action on one surface by another.

2. Experimentation
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2.1 Preparation of 17-4 PH SS alloy

The 17-4 PH SS alloy specimen was printed using PHILLIPS, EOS M 290 metal 3D printer having building
volume of 250 mm x 250 mm x 325 mm. The machine has Yb-fiber laser source with 400 W, precision optics of
F-theta-lens, scan speed of 7.0 m/s, focus diameter of 100 pm, power supply of 32 A and compressed air supply
of 7,000 hPa. The fabrication was done based on the procedure followed. A direct melt laser sintering method
was followed to print the 17-4 PH SS alloy. Figure 1(a) shows the EOS M 290 machine used in this present

study. Figure 1(b) shows the build direction model and geometry. Table 1 shows the chemical compositions of
the 17-4 PH SS alloy.

Vertical Inglined
Build hulld

Horizontal build

Figure.1(c) Pin-on disc equipment used.

Table 1. Chemical composition of 17-4 PH SS alloyLPBF
Chromium Nickel Copper Silicon Manganese Phosphorus Sulphur Carbon Nb+Ta Fe

16.25 4 4 1 1 0.040 0.030 0.07 0.3 Balance

2.1.1 Surface finishing process

Surface finishing was performed on printed 17-4 PH SS alloy test specimens in various build directions. In order
to evaluate how the surface finished 17-4 PH SS alloy products are acting under wear loads, three distinct types
of surface finishing grits, namely rough finish, medium finish, and fine finish were used. Since those products
are employed in the aircraft industry, their assembly calls for greater surface polish. Rough, medium, and fine
grit sandpaper in sizes 60, 120, and 240 were used in this operation to polish the surface. For a good result, the
finishing process took around 20 minutes.

Fig 2 shows the variation of surface roughness w.r.t. surface finish conditions. It is noted that the as-printed 17-4
PH SS alloy gives surface roughness values 0f9.745,9.869and7.582 pm for horizontal, vertical and inclined
build direction respectively surface finish of 1.425, 1.603 and 1.582um for rough finish, 0.902, 0.918 and 0.862
pum for medium finish and 0.442, 0.57and 0.451 pm for fine finish respectively.
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Figure 2. variation of surface roughness w.r.t. surface finish conditions

2.2 Characterization

Testing for surface roughness was performed on the printed 17-4-PH SS alloy with a completed surface. The
completed surfaces were evaluated using a Mitutoyo surface roughness SJ 210. Similar to this, the pin-on-disc
as shown in Fig 1 ¢, Ducom POD 4.0 was used to evaluate the wear characteristics of polished 17-4-PH SS
alloy. As process parameters, a 10N applied stress, a 1000m sliding distance, a 30min rubbing period, and an
ambient working temperature were used.2T engine oil was used as the lubricant to evaluate the wear behaviour
under lubricated conditions. Additionally, the optical microscope Moticam 20 in China was used to examine the
microstructure of worn surfaces for changes in grain structure both before and after abrasion. Similarly, the
HITACHI, S1500, JAPAN scanning electron microscope was used to analyse the worn surface fractograph.

3. Results and Discussion
3.1 Wear Behavior
3.1.1 COF

Figure 3 shows the coefficient of friction values of various build direction performed on printed17-4 PH SS
alloy. It is noted that the as-printed17-4 PH SS alloy gives a COF of 0.53, 0.52 and 0.52. For all three
orientations of the 17-4 PH SS alloy, a rise in COF was seen. This notable difference is really what causes the
layer interference effect in the build position and material solidification [14]. However the polished surfaces of
the printed 17-4 PH SS alloy cause a significant COF reduction. For finely finished 17-4 PH SS alloy that was
printed horizontally and vertically, reductions of 43 and 51.9% were found. The cause of the increased sliding
velocity of the fine polished surface is the decrease in COF. Zai, Le et.al 2020.

However, the COF decreased from rough to medium finish while selecting 240grit size for fine finishing. This
reduction is the reason of the molecules of the 17-4 PH SS alloy having a higher surface affinity and less
subsurface hardening.

Thus, better high adhesion wear loss and thermal erosion of base material result from increased adhesion with
the wear disc. Asaduzzaman Chowdhury et.al. It has been found that the worn surface with better finish raised
the COF, indicating that exceptionally smooth surfaces have a high surface energy and a high adhesive nature.
As a result, there is more friction between the work piece and the abrasion wheel. This outcome was caused by
the high surface tension and surface energy of a highly smoothed surface. It is also noted that the inclined built,
fine finished17-4 PH SS alloy shows lesser COF of 0.22 among all build directions. This shows that there is less
surface adhesion. This is a result of the melted 17-4 PH SS alloy's homogeneous filling, solidification, and
cavitations effects at the moment of printing Zhang 2020,J. A. Slotwinski 2014.
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Figure 3: coefficient of friction values

3.1.2 Wear Rate

Figure 4 shows the specific wear rate of various build direction of 17-4- PH SS alloy. It is noted that the as-
printed 17-4- PH SS alloy using LPBF method gives a notable wear loss% 0f10.99, 6.41, 3.52 for as-printed 17-
4- PH SS alloy via horizontally, vertically and inclined direction. The horizontal built 17-4- PH SS alloy giving
higher wear loss than the vertically and inclined. This is because of creation of high rough surface during the
printing time. It is further noted that the polished surfaces of printed17-4- PH SS alloy as rough, medium and
fine format giving substantial improvement in wear resistance. A wear loss % of 6.33, 2.39, 1.99 in rough finish,
6.92, 1.44, 1.39 in medium finish, 0.63, 0.89, 0.8 in fine finish respectively. Among all the build directions, the
inclined printed 17-4- PH SS alloy possesses lesser wear loss %. This is an outcome of the material being filled
uniformly and solidifying at a faster rate due to the large surface area. Because of the homogeneous layering and
smooth surface, there is less wear loss throughout the abrasion process. The wear resistance is increased by this
occurrence. The 17-4-PH SS alloy has a higher degree of finish due to excellent finishing, which results in a
higher coefficient of friction between the sliding surfaces. As a result, adhesion and thermal erosion are more
likely to occur, which eventually makes the two- and three-body abrasion phenomenon stronger. The highly
polished surface's high surface energy increased the adhesion between the sliding surface and the abrasion disc,
which raised the adhesion wear loss. Through three body wear mechanisms, this debris during abrasion adhered
between the sliding surfaces and created additional wear loss. Barthelmie, R.J. et.al 2020, Nitesh Vashishthaet.al
2014.
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Figure 4: Wear weight loss % of printed 17-4 PH SS alloy

3.2 Microstructural characterization:

Fig. 5a—c shows the SEM microstructure of the additively manufactured (AM) 17-4 PH specimens in all the
build directions. The as-received 17-4 PH microstructure features lath martensite, residual austenite, and fine
dispersion of NbC carbides in the matrix. Columnar grains that have grown and oriented themselves along the
melt pool's temperature gradient would be seen in the as-printed 17-4 PH alloy. In a face-centered cubic (fcc) or
body-centered cubic (bcce), this epitaxial growth takes place in the easy-growth direction, i.e., 100>, because the
four close-packed (111) planes are symmetrically located around the 100> axes, which require the longest time
to solidify, and as an outcome, serve both to drag and guide the solidifying grain. Some of these columnar grains
have lengths of over 100 m and have stretched from one melt-pool to the other. Some inclusions are also
observed in the microstructure as shown by arrow in Fig. Sa-c.

The reduction of surface roughnesses via polishing process possesses fine microstructure. There is no debris
formation indicating strong harder surface after the sufficient runs. The SEM micrographs of worn surface of
horizontally build Figure 6a-b, Material flaking occurs throughout the abrasion process because of this rough
finish. The adhesion and erosive wear phenomenon dominate on the fine polished surface because it has higher
surface tension, which makes for easier high material removal. More scars are visible, most likely as a result of
three different body abrasion mechanisms. Sinmazgeliket.al 2020. The Horizontal printed and medium finishes
figure 6a, 17-4 PH SS alloy shows higher scar on the worn track whereas the rough and fine finished surfaces
show reasonably higher wear resistance and structural stability. Moreover, in all surface finished conditions the
inclined build direction of build direction gives remarkably less grooves and debris than others. This
phenomenon is the reason for highly homogeneous build mechanism, which produces harder and stronger build
interface between layers Sinmazgeliket.al 2020. Thus gives lesser wear loss and COF. Moreover, it has been
reported in other studies that samples fabricated vertically typically contain more porosity compared to those
built horizontally. Zai, Le.et.al 2020.

© IEOM Society International
2871



Proceedings of the 2* Indian International Conference on Industrial Engineering and Operations Management
August 16-18,2022 Warangal, India

Wear debris

Deep groove

|
Debris accumulation

*30-03-2022 002029

Debris

Abrasite wear,
i

grooves

|

[

|

!

..Deep continuous {
30

' 4
b 2000 AT

—h—ﬁa Hm i | ! i i I
ignaz 002071 Hian-vae, 1SED||PCStd. 15KV | x100/% ! [ 30-03t2022 0020E7

High-vac. SED |PC-std. U5 Ky x 500
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4. Conclusion:

This study investigated the tribology behavior of additively manufactured 17-4 PH SS specimens via LB-PBF

process subjected to different polishing conditions. The results obtained from a ball on disk tribometer

experiment were used to evaluate the friction and wear properties in lubricated conditions. The following

conclusions can be drawn based on the experimental results and observation:

1. LB-PBF 17-4 PH SS as-built specimens have high wear rate as compared to polished conditions. This is
probably due to the higher hardness of LB-PBF 17-4 PH SS.
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2. Medium finish- Horizontal built LB-PBF 17-4 PH SS possesses higher wear rate as compared to rough and
fine finished samples. This is attributed to the lath martensite and austenite formed on the surface result of
higher surface roughness of LB-PBF specimens.

3. Fine Finish —Horizontal built specimens showed least wear loss, but on an average the inclined built
specimens in all polishing conditions showed least wear loss.

3. Adhesion was the dominant wear mechanism, while abrasion and surface fatigue were the wear mechanisms.

In closing, the findings of this study indicate that as-built samples show more wear loss, and hence cannot be
used directly in application without polishing. Wang, T et.al. 2015.
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