Journal of University of Shanghai for Science and Technology ISSN: 1007-6735

EXPERIMENTAL STUDY ON MECHANICAL BEHAVIOUR OF ADDITIVELY
MANUFACTURED 17- 4PH STAINLESS STEEL

D.O.I - 10.51201/Jusst12600
http://doi.org/10.51201/Jusst12600

Tawseef Abdullah1*, S.S Dhami2, Noor Zaman Khan3

1
M.E scholar, Department of Mechanical Engineering, National Institute of Technical
Teachers’ Training and Research (NITTTR), Chandigarh (India).

2 Professor, Department of Mechanical Engineering, National Institute of Technical
Teachers’ Training and Research (NITTTR), Chandigarh (India).

® Assistant Professor, Department of Mechanical Engineering, National Institute of
Technology (NIT), Srinagar (India).

Abstract

Selective laser melting (SLM) is a new additive manufacturing (AM) technique that uses
powder materials to build three- dimensional (3D) objects layer-by-layer guided by the CAD
model. SLM is used to produce objects using various materials; these objects have properties
comparable to benchmarked conventionally produced parts. This investigation focuses on the
mechanical behavior of 17-4PH stainless steel parts produced by direct metal printing via
SLM. Tensile strength, elongation bending strength and fracture analysis of the printed parts
have been observed in this paper. These properties make 17-4PH fit for many industrial
applications such as structural parts in aerospace, chemical and petrochemical industries.

Key words: Selective laser melting, Additive manufacturing, 17-4PH stainless steel,
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1. INTRODUCTION

Additive manufacturing (AM) is a novel material incremental process in which material is
added layer-by-layer. The process is different from conventional subtractive manufacturing in
which material is removed from the work piece in the form of chips to get the desired shape.
AM has gained a lot of attention over the last ten years due to its immanent advantages, such
as unrivalled design freedom and decreased lead times [1-3]. Rapid prototyping (RP) is the
first term used to define the creation of 3D objects using the layer-upon-layer process. The
technologies that currently exist allow the manufacture of objects that can be considered to be
much more than prototypes. When it becomes clear that the technology not only build
prototypes but also moulds, tools and matrices the name rapid manufacturing (RM) comes
into picture [4]. As compared to RP, RM, and 3D Printing, AM is generally regarded as the
most appropriate term to describe the processing strategy of this advanced manufacturing
technology. Among various available AM techniques only a handful is able to produce
metallic components. The most favored techniques in this context are electron beam melting
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(EBM), laser additive manufacturing (LAM) and direct energy deposition (DED). LAM of
metals is an iterative, layer wise and powder bed fusion manufacturing methodology.

SLM is a powder bed fusion technique which can fabricate 3D components directly from
metallic powders with a suitable wave length to melt and solidify the selective regions layer-
by-layer guided by the digital model [5-8]. The process is controlled by adjusting the process
parameters such as laser power, scan speed, layer thickness, hatch spacing and build
orientation. These parameters must be optimized to get the desired properties. After
successful manufacturing, loose powders are removed from the building chamber with the
help of a brush and the part is then removed from the substrate plate by band saw or by
electrical discharge machining. The whole process takes place under controlled atmosphere
of nitrogen or argon to protect the finished part from oxidation, decarburization etc. which
adversely affect the mechanical properties of the manufactured object [9].

Loh et al [10] examines the effect of Gaussian beam profiles and uniform beam profiles in
selective laser melting of aluminium alloy. It was observed that a uniform laser beam was
able to achieve a larger melt pool width for smaller amount of melt penetration by increasing
the scan speed and reducing hatch spacing. Rashid et al. [11] studied the effect of scan
strategy on density and mechanical properties of 17-4PH stainless steel processed by SLM. In
this study two different scan strategies were employed in which one scan strategy involved
scanning each layer once named as scan ‘O’ and the other strategy involved scanning each
layer twice named as scan ‘X’. It was observed that the printed parts produced by double scan
strategy possess high relative density with improved hardness as compared with the parts
produced by single scan strategy. Irrinki et al. [12] studied the effect of powder
characteristics and energy density on the densification and mechanical behavior of 17-4PH
alloy processed by SLM. It was found that the density, ultimate tensile strength and hardness
of both the gas and water atomized powders increases with increased energy density. This
finding confirmed that the inexpensive water-atomized powder is also feasible to
manufacture components with better properties by using SLM. As per the available reviewed
literature, very less and systematic studies are available for the evaluation of mechanical
properties for the selected material processed by SLM. So in this study an attempt is being
made to study the mechanical behaviour of additively manufactured parts produced by SLM.

1.1 Materials available for powder bed fusion (PBF)

The quality of the feedstock that is used in the AM process affects the quality of the finished
part. The common feedstock materials that are used in laser additive manufacturing are in the
form of powder, wire or sheets. The recent list of materials that can be used with powder bed
fusion include stainless steel (17-4PH and 316L), Nickel based alloys (625 and 718),
Aluminium, cobalt based super alloys, copper, beryllium and niobium [13]. Research is
underway to expand the technology on titanium and its alloys and some new entrants in the
market. Since titanium and its alloys have high melting temperature, low fluidity, complex
features and have tendency to react with surrounding environment, it is difficult to
manufacture these components with conventional processes like casting, forging, extruding
etc. [14].
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2. OBJECTIVE

Components made by additive manufacturing of alloy 17-4PH, a chromium-nickel-copper
precipitation hardenable stainless steel with an addition of silicon and manganese. The
combination of desirable properties for instance high tensile strength, high toughness and
good corrosion resistance makes the 17-4PH SS suitable for making structural
parts/components in aerospace, surgical instruments in biomedical, gate valves, chemical and
petrochemical industries etc. [15-19]. The present work focuses investigations on mechanical
behaviour viz tensile strength and flexural strength along with the fracture surface of 17-4
precipitation hardening (PH) stainless steel.

3. EXPERIMENTAL WORK

The feedstock material that is used in this experimental work is gas atomized 17-4PH
stainless steel also known as alloy 630, supplied by 3D systems.17-4PH stainless steel
powder of 20 to 40 micron size was used as base material for performing experiments. The
gas medium that is used to produce the powder is inert gas viz. nitrogen to prevent oxidation
and contamination.

The elemental composition of the selected powder was reported by energy dispersive X-ray
spectroscopy (EDS) embedded with scanning electron microscope (JEOL —IT100) and the
morphology of the powder, shown in Fig. 1, is almost spherical which is desirable for SLM.
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Fig.1 (a) SEM micrograph and (b) EDS of 17-4PH SS powder.
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Table 1 gives the elemental composition of the powder that is used to manufacture the parts
by SLM.

Table 1 Chemical composition of 17-4PH stainless steel

Element Cr Ni Cu Si Nb Mn Fe
Weight 17.50 3.95 4.10 0.60 0.04 0.74 73.07
%

Fabrication of 3D shapes made of 17-4PH Stainless Steel powder was carried out on a SLM
machine (3D Systems, ProX DMP 200).The machine has a build volume of 140x140x115
mm|[16]. SS 430F was used as substrate plate to build the samples. The CAD file was
prepared by using 3DXpert software as shown in Fig. 2.
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Fig. 2 Orientation of samples in 3DXpert

The orientation and part slicing were done in addition to provide support structure. Solid
supports with a height of 0.5 mm from the substrate plate of the same size were provided as
an allowance for wire EDM. All specimens were built in horizontal direction. Tensile test
specimens were designed according to ASTM E8 sub-size

The hexagonal scanning pattern was used to produce the parts which are the default
parameter set by 3D systems. The printing of the parts takes place inside the build chamber
which was kept under controlled atmosphere of nitrogen to prevent oxidation and
contamination. The time taken to manufacture one build was noted as 7 hours 24 minutes.
After successful manufacturing the samples were removed from the build plate by wire EDM.
Tensile and bending tests were performed by using universal testing machine (UTM) having
500 kN of maximum load capacity with a resolution of 1 N at an environmental temperature
of 24 °C. The fractured surfaces of the tensile test specimen were observed by scanning
electron microscope.
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The process parameters were selected after pilot study in order to get better mechanical
properties. The laser power was chosen to maximize the laser processing efficiency. Too high
laser power will result in voids/porosity due to vaporization and low laser power will result in
un-melted powder in the parts. So in the present work, the process parameter combination
which produces denser parts are used in order to obtain better tensile and flexural strength as
tabulated in Table 3.

Table 3. Process parameters selected in this experiment

Laser power Scanning speed Layer thickness (um) Hatch spacing
(Watt) (mm/s) (um)
105 2500 30 50

4. RESULTS AND DISCUSSIONS

Parts of different shapes made up of 17-4PH stainless steel powder were successfully
produced by SLM process. Tensile and flexural tests were carried out on the fabricated parts.
The surfaces of all 3D parts produced by SLM were observed to be smooth and did not
possess any surface defects as shown in Fig. 3.

Fig. 3 Sample in as-fabricated state on the substrate plate

4.1 Tensile strength

The overall length of the dog-bone shape tensile test specimen was 100 mm, initial cross
sectional area 24 mm?, gauge length of 32 mm with a thickness of 4 mm as shown in Fig. 4.
The values of applied loads on UTM were used to calculate the ultimate tensile strength of
three as-fabricated tensile test specimens and the average value was calculated. The
experiments were conducted under environmental conditions (24 °C) with a strain rate of
0.001/s.
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Fig. 4. Configuration of the Tensile Test Specimen.

Three samples for tensile and three for bending were processed by selective laser melting to
determine the mechanical behaviour of selective laser melted parts.

Table 4. Ultimate Tensile Strength Measurements of the Test Specimen

Test sample | Applied load P Ultimate Tensile Average UTS
(kN) strength (MPa) (MPa)
(outs = PI1Ag)
1 25.50 1062.5
1076
2 26.22 1092.5
3 25.75 1072.9

The average value of ultimate tensile strength of 17-4PH stainless steel parts was observed to
be 1076 MPa with an average percentage elongation of 15%. The measured values when
compared with the conventionally produced 17-4PH stainless steel reported by Mower et al.
(2016) shows comparable tensile strength with that of additively manufactured parts. The
ultimate tensile strength of wrought 17-4PH stainless steel parts reported was reported as
1085 MPa. Also it was reported that the ultimate tensile strength of as-fabricated 17-4PH
stainless steel parts produced by direct metal laser sintering (DMLS) as 1072 MPa, built in
horizontal direction with different process parameters [20].

4.2 Flexural strength

The CAD design of the flexural test specimen is shown in Fig. 5. The average value of load at
which bending of the specimen occurred was 10.8 kN. The flexural strength of the test
specimen was calculated by using equation (1).

- 1)
Where ¢ is the flexural strength (MPa), P is the applied load (kN), | is the length (mm), w is
the width (mm) and d is the depth (mm).
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Fig. 5. Configuration of the Flexural Test Specimen.

Flexural strength represents the maximum stress that materials possess due to three or four
point flexural loads. The results obtained after performing the flexural test of three samples
are summarized in the Table 5.

Table 5. Flexural measurements of the test specimen

Test sample Applied load P Flexural Average Flexural
(kN) strength (MPa) | strength (MPa)
1 11.2 4200
4050
2 10.8 4050
3 10.4 3900

The average value of flexural strength of 17-4PH stainless steel parts was observed to be
4050 MPa.

4.3 Fractography

The fractured samples after performing the tensile and bending tests are shown in Fig. 6

Fig. 6 Fractured Samples of Tensile ahd Bending Specimen

Fractography of fractured tensile specimen was performed to understand the fracture
mechanism of the fabricated parts. Fracture mechanism of as-fabricated part is described by
the typical SEM micrographs at mid-section of the fractured tensile specimens as shown in
Fig.7.
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Flg 7(a) Fractured Surface of 17-4PH SS in As-built Condltlon (b) Shows Lack of
Fusion (¢) Un-melted Powder
From the fractography it is possible to predict the poor fracture resistance of a given material.
It was observed that the main reason for failure of the tested specimen is due to un-melted
powder particles indicated to be spherical structure, lack of fusion and delamination between
the layers. The fractured surface consists of fine and shallow dimples as visible on the
fractured cross section of the tensile test specimen.

5. CONCLUSION

Various metallic shapes were successfully manufactured by selective laser melting, an
additive manufacturing technique, using 17-4PH Stainless Steel powder. Tensile and bending
tests of the additively manufactured sample were performed and fractography was done to
analyze the fracture mechanism of tensile specimen. Smooth surface morphology of the
fabricated parts was observed without any imperfection. The average value of the ultimate
tensile strength and flexural strength of the as-fabricated test specimens was observed as
1076 MPa and 4050 MPa respectively which is comparable with the conventionally produced
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parts. Fracture of the test specimens was occurred due to un-melted powder particles, lack of
fusion and delamination between the layers.
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