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Abstract

For the last three decades, enormous manufacturing processes have been widely employed in the
field of transportation (aviation, automobile and marine) as well as various industrial sectors.
Among the invented techniques, conventional manufacturing plays a versatile and cost effective
role, but additive manufacturing (AM) possesses a more significant advantage of handling
complicated parts or complex geometrical structures. The conventional processes were used from
ancient times until the development of other advanced techniques. In recent development of
technology, AM technology has shown a tremendous change in the manufacturing field. The
process of development in AM began with polymers, then to composites and advanced to
nanocomposites, continuously. AM provides a waste-free production management system with
enhanced processes. Therefore, this detailed and compendious review describes the different
stainless steels fabricated through conventional and AM techniques. It is evident that AM proves
better than other several conventional techniques, by three dimensional (3D) printing of quality
and complex stainless steels components that are impossible to manufacture through other
methods. Notwithstanding, there still need of much efforts to improve AM technique by reducing
the manufacturing cost, supporting mass production and printing large stainless steel components.

With an increase in invention of various efficient state-of-the-art engineering software, robots in



manufacturing, artificial intelligence and smart manufacturing, the aforementioned drawbacks of

AM technique/3D printing of various stainless steel structures will be soon eradicated.

Keywords: AM technique, conventional manufacturing, stainless steel, waste-free production,

improved component.

1. Introduction

Stainless steels are being used in many applications: aerospace, marine, construction,
chemical, petroleum and oil industries, among others. These alloys possess excellent in mechanical
properties, including (i) high strength, (ii) hardness, (iii) impact strength, (iv) wear and (v)
corrosion resistance. Besides, the stainless steels could behave well when they are subjected to
high temperature for a longer period. There are three major categories of steels, namely:

() Austenitic stainless steels
(i) Ferritic stainless steels
(iii) Martensitic stainless steels.

Amongst the three major classifications, the austenitic stainless steels are found to be used in
most of the applications, followed by the ferritic and lastly, the martensitic. Martensitic stainless
steels are used commonly for least applications. Besides, duplex steels possessed two-phase
microstructure of austenite and ferrite steels. They have some attractive properties when compared
with the counterpart materials, which are twice the strength of others. The ferrite austenitic duplex
steels show complex precipitation as well as transformation changes, which would internally
influence the mechanical and corrosive properties.

Three phases occur in the austenitic formation of the duplex steel. In the primary phase,
segregation occurs by the austenitic elements that move forward to the eutectic rim as L—a + y1.
Then, the solid state transformation occurs and forms a ferrite state (a—y2) in the secondary phase.

In the tertiary phase, the transformation of ferrite changes to a eutectoid state (0—y3 +c) [1].

1.1. Austenitic stainless steels

Austenitic stainless steel comprises of 16 to 26% of chromium and 2 to 20% of nickel, which
are helped to provide: (i) better formability, (ii) increased corrosion and (iii) wear resistance. This
grade is a non-magnetic metal and cannot be hardened by heat treatment. The austenitic steels are
widely used in offshore applications. They exhibit a great strength, resistance to corrosion and

erosion environment, due to the presence of high number of alloying elements. The wide



applications of austenitic stainless steel include: (i) food and beverage industries, (ii) tins, (iii)
automotive rim, (iv) medical instruments and (v) structural parts for harsh environments. The
chemical compositions of various stainless steels are presented in Table 1 [2].

Table 1

Chemical compositions of various stainless steels [2].

Details of the Steel designation

elements 2010 301 304 304L 305 309 309S 316 316L 17-4PH

Carbon (C) 015 015 0.08 0.03 012 0.2 0.08 0.08 0.03 0.07

Manganese 5.50-
(Mn) 7.50

Phosphorus
(P)

0.06 0.045 0.045 0.045 0.045 0.045 0.045 0.045 0.045 0.04

Sulfur (S) 0.03 003 003 003 003 003 003 003 0.03 0.03
Silicon (Si) 10 075 075 075 1.0 075 075 075 075 1

Chromium 16-  16- 18- 18- 17- 22- 22- 16- 16-

15-17.5
(Cn 18 18 20 20 19 24 24 18 18
) ) 3.5- 10- 12- 12- 10- 10-

Nickel (Ni) 6-8 8-12 8-12 3-5

55 13 15 15 14 14
Nitrogen (N) 0.25 0.10 0.10 0.10 - - - 0.10 0.10 -
Molybdenum

- - - - - - - 2-3 23 -
(Mo)
Columbian

- - - - - - - - - 0.15-0.45
+Tantalum
Copper (Cu) - - - - - - - - - 3-5
Iron (Fe) The iron content occupies the balancing percentage of elements in the stainless steel

1.2. Ferritic stainless steels



Ferritic stainless steel comprises of about 12% of chromium. The different grades of the
ferritic stainless steel include 409, 430, 430L, 434, 444, 442, to mention but a few. Similar to
austenitic stainless steel, ferritic stainless steel cannot be hardened by heat treatment process.
However, they are hardened by cold working. The grain structures of ferritic steels are of body-
centered cubic (BCC) lattice, whereas the austenitic steel has a face-centered cubic structure
(FCC). The austenitic steels show a susceptible effect on stress cracking, whereas the ferritic steels
show a better resistance against the stress cracking behavior. The composition of carbon in ferritic
stainless steel is about 0.03%; hence they exhibit average ductility and low coefficient of thermal
expansion. They possess good thermal related properties, therefore they could be used for high-
temperature based applications: boilers and heat exchangers. Besides, the ferritic steels exhibit
better oxidation resistance and good corrosive resistance properties. Table 2 depicts important
mechanical properties of ferritic stainless-steel material.

Table 2

Mechanical properties of ferritic stainless steel [3,4].

0.2% of yield Ultimate tensile Elongation to  Strain hardening

Steel alloys o

strength (MPa) strength (MPa) fracture (%) coefficient
0.15%C

285 385 37 0.2
carbon steel
409 275 470 30 0.18
430 345 515 25 0.18-0.22
Fe-29%,Cr-

~ 400 550 20 0.2

4%, Mo-2%Ni
304 255 620 70 0.30-0.50

1.3. Martensitic stainless steels

The martensitic stainless steels can be of higher or lower carbon steels which are made using
the composition of iron with 12 - 17% of chromium and carbon of 0.10 - 1.20%. When these steels
are used for fabricate pumps, valves and shafts, the content of carbon elements are obtained to be
nearly 0.4%. When the carbon content exceeds 0.4%, they are primarily relevant for wear
resistance-based applications. For instance: (i) plastic injection molds (ii) cutlery surgical blades

and (iii) nozzles.



The martensitic stainless steels sometimes comprise of nickel (Ni), which would allow for
higher content of chromium (Cr) and/or molybdenum (Mo), thus they enhance corrosion resistance
property. Toughness is also found to be improved when they comprise the lower content of carbon
elements. When the stainless steel comprises of lower carbon, 13% of Cr and 4% of Ni, they would
offer excellent mechanical properties, good weldability and good resistance against cavitation.
Therefore, they are preferred for nearly all types of hydroelectric turbines around the world. For
instance, they are utilised at ‘Three Gorges’ dam in China. Further addition of boron (B), cobalt
(Co) and titanium (Ti) help to enhance the high temperature-based properties; to improve a creep

resistance [5].

Regarding the fabrication process, conventionally processed metal alloys give a great potential
for mass production. The parts are of equiaxed grain structure and homogeneity on defined
boundaries. These conventional techniques followed more common procedure in the past decades.
However, nowadays, additive manufacturing (AM) techniques overcome the conventional
technique by their advantages. The AM technique is identified as a modern technique which gives
a breakthrough performance and unparalleled flexibility that gained more interest amongst the
researchers owing to their (i) deposition rate, (ii) material savings, (iii) adaptability as well as (iv)
low energy consumption [6]. Moving forward, this present paper subsequently discusses various
fabrication techniques of stainless steels under conventional and AM processes with respect to the

property variation and heat treatment.

2. Conventional manufacturing techniques

In conventional manufacturing technique, the objects are fabricated by employing (i) casting
process, (ii) forging process and (iii) powder metallurgical process, to mention but a few. In these
approaches, the unwanted parts are needed to be removed once the fabrication processes are over.
For removal of the unwanted parts, special tools are mandatory. Though, a lot of manufacturing
techniques are existing to produce the stainless steels, there are three significant methods that are
often considered based on their usages. The major three techniques include: (i) metal injection
molding (MIM), (ii) casting and (iii) sintering. Nevertheless, these techniques have some demerits
when compared to the AM; with a lower production cost. Besides, AM could fabricate high

precision as well as a low complexity in manufacturing.

2.1. Metal injection molding



Metal injection molding (MIM) plays a remarkable role in the manufacturing of metals and
ceramics, due to their precise and mass production. This manufacturing technique consumes lesser
material, but the products are of high density. Fig. 1 illustrates the step-by-step procedure of
producing the finished products, using the MIM technique. The MIM process starts with the
feedstock preparation done by homogeneous mixing of powder and binder particles [7]. The
powders are classified based on their characteristics, sizes and morphologies. Furthermore, the
homogeneous mixture of powder and binding materials are fed through the injection molding
chamber, followed by the debinding. The debinding process handled by considering the binding
time and the composition of binders. The debinding could be carried out by either employing (i)
catalytic debinding, (ii) solvent debinding or (iii) thermal debinding; the debinding types are

chosen based on the powder and binder types.
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Fig.1. Metal injection molding process.

The sintering temperature and heat treatment of steels could be controlled in order to enhance

the mechanical properties without influencing the corrosion resistance of the alloy [8,9]. Usually,



sintering process manipulates the martensitic phase by providing good microstructure on
maintaining the micro particles in the form of spherical oxides or carbides [10,11]. The sintering
temperature of stainless steel usually ranges between 1200 to 1350 °C and the sintered time
between 20 and 60 minutes. The temperature should be controlled as well as remains above the
solidus temperature for preventing the distortion in the size of the sintered product [12]. The
fabrication of 17-4PH steel and 316L of austenitic stainless steel are discussed in the current
section; whereby the above said designated steels are made by using the MIM technique. In MIM,
metal powders are mixed with the binding agents (wax and polypropylene) in a mixing chamber.
The mixture is granulated into a fine powder and the feedstock is subjected into the injection
molding machine in the form of liquid. Under pressure and heat, the raw product is obtained. The
raw material is subjected to a thermal binding cleaning to form a brittle green product. Once after
sintering, pores are eliminated and formed as a dense solid finished product.

Moreover, the mechanical properties of 17-4PH stainless steel is improved by the addition of
1 wt.% of nickel boron (NiB) and it is further improved by heat treatment process [13]. At low
feedstock loading and particle size of around 45 pum, the mechanical properties of 17-4PH stainless
steel is greatly improved [14]. On fabricating multiple cavity mold, the accumulation of powder
leads to the segregation of the fabricated component. This can be rectified by the spatial
distribution of powdered particles during fabrication [15]. On corrosion test of 17-4PH steel under
phosphate buffer solution, pitting corrosion is slightly higher than other conventional techniques.
This is attributed to a low amount of Co present in the metal [16].

When 316L steel powder and iron (Fe) powder fused along with 17-4Ph steel powder
separately on micro-metal injection molding, there is an evidence of a finite change in porosity
and magnetic properties, which actually depend on sintering temperature and this needs to be
controlled. Also, higher tolerance can be achieved by reducing the border dimension [17]. The
binder particle is added with the injection molding powder, which actually binds the particle to
each other during fabrication and provides a well-defined output [18]. Soft tooling is used for a
low production runs as low molding pressure and temperature is generally required for injection
molding process. Ceramics and metal alloy injection molding process combine several machined
or cast components into one cost-effective product, which leads to the elimination of several
manufacturing steps [19,20]. 316L powder is water-atomized before pouring the powder into the
injection mold chamber, which in turn results to improved ductility and corrosion resistance
components. Also, this powder is doped with graphite at required parts per million, around 1000
ppm to avoid pitting corrosion. But, excessive addition of graphite leads to excessive carbon on

the surface of the sintered component [21]. In MIM, very fine powders such as nano-scale powders



are used as a feedstock material [22]. Low viscous feedstock provides a homogeneous distribution
of powder [23,24]. This actually reduces the linear shrinkage of produced material [25]. Therefore,
powder injection molding depends greatly on the feedstock composition, temperature gradient and
powder particle size.

2.2. Casting techniques

The casting process is carried out by pouring the molten metal into the cavity of the designed
mold, followed by hardening of molten metal. Once the solidification process is completed, the
part is subjected to finishing treatment; whereby the object is obtained in the desired shape with
surface finish [26].

In the current section, investment casting and continuous casting of stainless steel are
elucidated [27,28]. The investment casting is an ancient process, whereby the wax pattern coated
with refractory ceramic material is used. The most commonly used metals include: (i) aluminium,
(ii) bronze, (iii) stainless steel, (iv) magnesium and (v) carbon steels. The finished products are
subjected to grinding or sandblasting to smooth the surface as well as to remove the imperfections.
The investment casting technique is the best suited for massive production, whereby the increased
time and labor cost are eliminated [29,30]. Fig. 2 shows the step-by-step procedure of investment

casting technique.
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Fig. 2. Schematic representation of the investment casting process [31].



In order to prevent the reaction between the stainless steel surface and the environment, either
of alloying process or coating process is preferred. Application of in-situ coating of aluminium
(Al) on the surface of stainless steel enhances the hardness as well as a magnetic hysteresis loop
is formed [32]. In the case of a low carbon steel, continuous or strip casting approach is followed.
The sheets or strips are directly cast from the molten metal, followed by the cooling without hot

rolling process.

In addition, formation of delta ferrite (o-ferrite) in the continuous casting affects the high
temperature, workability and the corrosion resistance. When steel is heated above its critical
temperature, a FCC structured austenite is formed. The austenite phase contains 2.03% of carbon,
which strengthens the material and hardens on further heat treatment process. This heat treatment
process converts the austenite phase into cementite, pearlite, bainite and/or their combinations.
The cementite is converted into é-ferrite by diffusion of carbon atoms during transformation [33].
Ferrite is stronger than austenite. Therefore, it forms a primary strengthening support to the
material. The next strength supporting agent is chromium, nickel and iron contents. On
transformation phase ¢ solid phase has to be avoided, due to its brittle nature [34]. The common
problem associated with casting processes include, but are not limited to: (i) porosity, (ii)
shrinkages, (iii) embrittlement and (iv) mismatch of mold attachments. The effects of these
challenges are minimized by enhancing the mechanical properties of stainless steel. Thus, the
gating valve system helps to reduce the adverse effects and inclusion of vent holes releases the air

pressure inside the mold cavity [35,36].

In the investment casting technique, the shrinkage occurs by varying the pouring techniques
and solidification range. These problems are rectified by varying the process parameters, such as:
(i) feed rate, (i) shell mold temperature and (iii) increased solidification time. The microstructural
evaluation is done by introducing a novel approach called ‘cellular algorithm’ (CA), whereas the
nucleation and the grain growth are simulated. Besides, the CA offers a good correlation between
the microstructure of 17-4PH cast materials and their simulated model [37]. In the investment
casting technique, the casting temperature and mold thickness yield a great impact on fluidity.
However, the increased pouring temperature would produce more shrinkage related problems
regardless of the filling system [38]. The existence of shrinkage during the casting process of 17-
4PH alloy deteriorates its mechanical properties, which include yield strength, ultimate tensile
strength and hardness. Though, H1100 provides a better property than the H925, necking and strain
failures occur during the heat treatment process. Thus, the H1100 is not preferred to 17-4PH
stainless steel [39,40].



Also, the casting layout of SUS310 steel can be analyzed using computer-aided engineering
(CAE) approach. This approach helps to increase the product development as well as reducing the
time consumption and overall cost [41]. In aircraft engines, the steel turbine blades are made up
of SCH12 material. A retained melt modulus (RMM) model helps to examine the gating system
schemes and predict the defect that occurs over the area of the melt flow. This model normally
helps to produce a quality output with minimal cost products [42,43]. In nuclear power plant, 304L
steel pipe is used in coolant system; whereby the pipes manage or withstand the temperature range
of 290 to 330 °C. In investment casting technique, by increasing the aging time of casting, the
elongation percentage reduces with an increase in mechanical properties [44].

The crack growth initiation is based on the stress intensity factor. Besides that, the aging time
improves the mechanical properties of the material [45,46]. Duplex stainless steel is used as pipe
materials and water reactors that operate in high-temperature circumstances. As thermal aging time
increases, an enormous increase in the hardness and elongation of ferrite steel is observed. As the
aging time is set to 10,000 hours, it exhibits good mechanical strength [47]. Summarily, some

important mechanical properties of different types of stainless steel materials are listed in Table 3.

Table 3

Mechanical properties of different types of stainless steel materials.

o ) Tensile strength  Yield strength Elongation ~ Hardness
Classifications based on casting

(MPa) (MPa) (%) (HV)
316L [48] 450 200 69 160
Duplex stainless steel [49] 762 356 14 217
CF8M-Duplex steel [50] 525 318 68.6 300
CA-6NM steel [51] 826 688 24 271

A three-point bending test is performed by using Gurson’s modeling approach on CF8M steel
to find out the shrinkage cavities. Finite element method (FEM) is also used to predict the
shrinkage cavities on duplex steel material, which helps in the safety assessment of the cast
components [52]. Besides, the surface properties are examined using the FEM approach, whereby
the steel is subjected to the heat treatment process. It is evident through the scanning electron
microscope (SEM) analysis that quenching and tempering processes produce fractured surfaces,
cavities and hot tears on the steel alloy [53].

In centrifugal casting of martensitic stainless steel, the cracks were protruded from the internal

surface to the external surface through inter-granular mode. By analysis through FEM of



thermoelastic-plastic model, the thermal history is studied. It shows that the crack length exceeds
up to 40 mm length in its path [54]. Equiaxed grains exhibits a weak and random surface, and the
columnar grains possess a strong bonding throughout the thickness due to heterogeneous
nucleation and grain growth [55]. High grade stainless steel alloys such as 18Cr—10Ni— 2Mo or
AISI 316L or a super alloy, nickel-base alloys, such as Inconel or Hastelloy, among others are
more reliable under the condition of high temperature and stress conditions [56]. When comparing
316L stainless steel with structural 30CrNiMo8 steel alloy, the mechanical properties of stainless
steel is better than that of structural steel [57].

2.3. Sintering techniques

The sintering technique is a kind of powder metallurgical process, which helps to produce a
component of fine grain structure and excellent mechanical properties. Besides, this process
prevents void formation. However, the diffusion rate increases owing to the machining processes.
For instance, the 17-4PH steel is fabricated through the powder metallurgical technique (Fig. 3),
which possesses higher strength and ductility [58]. During the sintering process, the temperature
plays a significant role. For instance, 316L is fabricated at a temperature of 1300 °C, whereby the
mechanical properties of 316L are enhanced [59]. The hardness of 316L is depended on the grain
size of the particle. Furthermore, it is observed that the enhanced microstructure and functional
properties during the sintering process are obtained by using boron nitride sprays along with the
graphite foils rather than using graphite foils [60].

The austenitic steel is prepared by sintering process using the steel powder along with other
compounds: 1 wt.% of yttria and 0.6 wt.% of boron. The boron content helps in oxidation
resistance by the formation of eutectic borides, while the yttria increases the oxidation resistance
by reducing porosity defect. When comparing the performance of oxide formation between yttria
and boron, the later performs better than the former [61]. Spark plasma sintering is employed to
fabricate the 316L steel, using silicon nitride and yttria. This results to an improved mechanical

properties and enhancement in the distribution of grains, as observed by SEM [62].
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Fig. 3. Hardness value of 17-4PH steel on the various heat treatment processes [13,14,16,18,57].

Moving forward, in another study carried out, the sintering technique is used to fabricate the
316L steel alloy, whereby the borides are varied by using different wt.% ranged between 0.6 and
0.8. The mechanical properties of these alloys are enhanced as the inter-granular structure of
borides are found to improved. The formation of transfer layer acts as a barrier against the wear,
whereby the transfer layer is formed during the oxidation of borides [63]. Usually, nitriding of
316L is preferred for mechanical strength as well as against the corrosion resistance of
components. Besides, the micro-abrasive wear is decreased by nitriding. The properties of metal
are improved by the addition of yttria during the fabrication of steel [64]. When 316L is sintered
in the atmosphere of hydrogen or in a vacuum condition, the corrosion rate and the porosity
decrease. These components are helpful in the field of medicine for surgical instruments [65]. The
austenitic 316L exhibits a better performance when the temperature is maintained between 1200
to 1400 °C, and the mechanical properties are enhanced [66]. In another work, density, hardness
and tribological properties of 316L steel increase by the addition Cu-10Sn alloy. The maximum
relative density is achieved with addition of 25 vol.% of additives, during sintering process [50].

When comparing the corrosion resistance of 304L and 316L stainless steels, using fabrication
techniques such as sheet metal process and sintering, the former exhibits better performance. In

the case of sintering process, pitting occurs; resulting to a worse corrosion performance. Besides,



the 304L exhibits a better corrosion resistance than the 316L counterpart in the sodium chloride
(NaCl) atmosphere [67]. The corrosion resistance of 304L stainless steel increases with an addition
of TiN when it is subjected to 3.5 wt.% of NaCl solution [49].

Additionally, a novel technique called ‘spark plasma sintering’ is used to fabricate the gas
nitride austenite stainless steel. The sintered component with nitride powder exhibits better
mechanical properties and corrosion resistance. The strengths are comparable to high-speed steels
or high entropy alloys, whereas the toughness remains higher value of 68. On addition of
chromium nitride along with stainless steel powder, the microstructural analysis shows an
homogeneity in the distribution of these materials in the specimen. Since the chromium nitride
increases, both micro-hardness and mechanical strength are enhanced [69]. The austenitic stainless
steels are prepared by using powder metallurgy approach. They exhibit better (i) mechanical, (ii)
surface properties and (iii) paramagnetic behaviors. Besides, these steels show phase
transformations, when they are deformed by mechanical, heat treatment and magnet processes
[70]. Table 4 shows various mechanical properties of 316L stainless steel under different types of

fabrication processes.

Table 4

Mechanical properties of 316L stainless steel under various fabrication processes [59-61, 71- 75].

Different Condition Ultimate Yield Elongation  Hardness

manufacturing tensile strength  strength  at break(%)

techniques (MPa) (MPa) (HV)

Wrought - 483 172 30 220

Wrought Heat treated 505-578 222-265 76-81 155

Casting Gas atomised 518 255 35 220
powder

Continuous - 1364 - 7 471

casting

Shell mould - 1040 1260 9 350-480

casting

Forging Gas atomised 627 290 55 220

powder



Metal injection ~ Water 548 203 57 286

moulding atomised
powder
Spark plasma - 315 275 - 345
sintering
Sintering - 431 207 23 127
Sintering With MoSi> 486x15 - 2212 146
Sintering With nitrogen 600 420 14 137
addition
Electron beam - 509 253 59 165
melting AM
Electron beam - 509 253 59 165
melting
Hot isostatic - 450-570 160-220 42-54 -
pressing
DMLS 518 288 47.4 235
Gas metal arc 533+23 23616 6415 200
AM

3. Additive manufacturing techniques

With fabrication of components through the traditional means, the finished product requires
machining, carving and shaping. The AM parts show perfect shapes without much post-
manufacturing processes in the final desired products. In the case of aero-engines, the AM has a
potential of processing at high temperatures. For instance, the National Aeronautics and Space
Administration (NASA) engineers have designed and manufactured a metal rocket injector
through AM, using Ni-Cr alloy powder. The rocket injector is made without any joints, thus it
saves time and material cost [76]. The advantages of AM include: (i) design freedom, (ii)
lightweight structure scan is possible to fabricate by using lattice designs, (iii) complex internal
channels such as honeycomb structures with micron-size holes and (iv) several parts are built-in
one process. The consumption of raw materials is 25 times lesser than the conventional machining
process. Short term production is possible, that is, complex parts are produced in a few hours with
application of AM technique, including the post-processing treatment.

It is reported that around 35% of research works have been published using steels, when

compared to other metals. This shows that the next stage of development of metals is through AM.



The process development of AM initialized from polymers, then to composites, nanocomposites,
and then to metal alloys, among other materials.

More also, in the case of AM, the laser radiation selectively melts the binder particles, and the
liquid metal is poured into it and finally solidified by cooling. The factors which are taken into
consideration for the choice of AM technique are thermal cracking and porosity [77,78]. The
design and computational calculations are done using the MATLAB tool. The graded complex-
shaped objects are fabricated through three dimensional (3D) printing in a highly economical and
infiltrated orientation profile [79]. Moreover, any complex geometry patterns can be created.
Printed electrical circuitries embedded with Al matrices can be fabricated through advanced
technology, such as ultrasonic AM. This method exhibits an improvement in the integrity and
mechanical performance of the multi-functional composites [80]. The post-processing heat
treatment produces an excellent surface finish. However, this approach is time-consuming and
expensive process [81]. The mechanical properties are further improved by post heat treatment
process after manufacturing. The grains are equally distributed, and the heat treatment improves
the hardness, yield strength, tensile strength and percentage of elongation. By controlling the
process parameters, the overall performance of the process is controlled [82]. Even though, there
are several advantages such as high resolution, internal passages, among others [51], the
difficulties of printing techniques are high reflectivity of material and porosity caused due to the
thermal conductivity [83]. Another drawback is that oxidation occurs during the solidification of
metal in the air. This risk can be controlled by employing inert gases, such as argon and nitrogen
gases, to prevent the oxidation while on the atomization process.

Similarly, the non-melted powders used in the manufacturing process are sieved and reused
to reduce the material wastage and support the green environment [51]. The parameters
optimization (especially density) can be done through the Taguchi’s method, and the results are
analyzed through signal-to-signal noise (S/N) ratio and analysis of variance (ANOVA) methods
[84]. The parameters, such as energy from the laser, scanning speed, the feed rate of powder and
flow rate of shielding gas [85] under design freedom [86] affect experimentally on fabrication, as
observed. Fig. 4 summarily shows the major types of metal AM. In the present study, both powder

bed technology and wire arc AM are extensively and subsequently elucidated.
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Fig. 4. Classifications of metal AM.

3.1. Wire arc additive manufacturing

Out of many manufacturing techniques, the wire arc additive manufacturing (WAAM) is
identified as a modern technique (Fig. 5). WAAM gives breakthrough performance and
unparalleled flexibility that gains wide interest among the researchers, because of its advantages:
(i) cost-effectiveness, (ii) high energy efficiencies, (iii) deposition rate, (iv) material saving, (v)
adaptability and (vi) low energy consumption. Thus, the large-scale structural components could
be fabricated in a minimal time period. Recently, the casting components are produced by WAAM
technology in the manufacturing sector, due to their structural complexity and required surface
finish. Defects and imperfections occur during different casting techniques. For instance,
fabricating Al alloy through traditional method creates problems, which include: (i) shrinkage, (ii)
cracks, (iii) gas holes and (iv) inclusions. These defects are rectified by additive layer
manufacturing (ALM), or simply AM.

Welding torch

Building up of
layers

Melt pool wire feed

Base metal

Fig. 5. Wire arc additive manufacturing process.



The feedstock of WAAM is in the form of wire and electric arc as a heat source, where net-
shaped complex components with high resolution are made with almost zero wastage. In WAAM
technique, two different metals are used altogether, such as: (i) Ni6082 nickel alloy on the surface
and (it) YS308L stainless steel alloy in the inner core. This structure produces high temperatures
and corrosion resistance in nature. The Ni alloy is usually avoided for its weight consideration
[87]. Examples of stainless steels fabricated through the WAAM process are 304, 308, 316L and
martensitic steel 420 [88- 92].

Moreover, the WAAM is a kind of welding process which has a robotic arm or computer
numerical control (CNC) gantry that feeds the wire on the substrate with a good mechanical
response. The process parameters of WAAM are (i) current, (ii) voltage, (iii) diameter of the wire,
(iv) feed rate, (v) welding speed and (vi) printed layer thickness. However, if the welding velocity
is high, the WAAM technique produces a crucial imbalance in geometric accuracy, surface
roughness and misaligned path [93].

The 316L steels cannot be hardened by heat treatment processes. But, it can be hardened by
cold working process, resulting to an improved strength [94]. Manufacturing of 316L steel through
gas metal arc welding deeply focus on the effect of tensile strength and corrosion properties. As
the heat treatment temperature exceeds or higher than 1000 °C, the ultimate tensile strength, yield
strength and corrosion resistance increase. The results are further compared with wrought steels,
and they are observed to be higher [95]. By varying the process parameters, such as speed pulse
and arc velocity, a well efficient and arc stability pattern is obtained. The hardness is enhanced,
due to arc speed, which produces fine grains on high cooling rates.

Moving forward, an innovative method of fabrication/WAAM of 316L through cold metal
transfer (CMT) and tungsten inert gas (TIG) process produce an anisotropy behavior. The
deposition rate of 304 stainless steel on TIG-based WAAM process [96] is comparatively higher
than powder-based systems [97]. The WAAM products definitely requires machining after the
fabrication, yet the material wastage is less. When the heat input is higher, the yield strength
recedes to the base metal, and finishing gets poor [98]. On even supply of heat, the wire melts and
bonds with the substrate and these continuous operations build a layer-by-layer deposition. This
WAAM process has a limited application than powder bed fusion process, as curve shapes and
sharp edges are difficult to form with WAAM process [99]. A new feed wire (metal-cored wire
XC-45 contains alloy powder) is used on S355 steel substrate. The structural output shows an
anisotropy behavior, better hardness and mechanical strength. The constructed wall possesses

pearlite, bainite, ferrite and martensite phase transformation. Microstructural investigation shows



columnar (elongated) growth is predominant issue with AM process. This can be controlled by
modulating laser beam intensity and time based profiles. For example, laser beam on transverse
elliptical direction shows equiaxed and mixed epitaxial grain growth [100]. Frequently, this
WAAM process has been used in the manufacturing of bars and it allows a more efficient
arrangement of reinforcements [101].

There is a limited discussion on the thermal cycle and reheating complex structures, using low
carbon steel alloys and duplex stainless steels. The reheating produces a recrystallization effect,
which leads to fine-grained structures [102-105]. The post-processing treatment of Cr-Mn stainless
steel is observed under microstructural analysis and shows é-ferrite transformation that leads to
the formation of CrN in the supersaturated state during nitrogen addition. The nitrogen improves
the work hardening effect of steel [106]. Notwithstanding, the drawbacks of WAAM process
includes heat management, irregularities, porosity and flaws. The deformation occurs, due to
residual stresses and component distortion. In order to produce perfect designed components, all
the process parameters are monitored with precise knowledge on each individual design. The
WAAM technique has a near-future, yet there are many parameter variations, and other such
conditions need to be discovered.

3.2 Powder bed technology
3.2.1. Electron beam additive manufacturing

Electron beam melting (EBM) is the same as that of the laser melting process, which works
on an electron beam instead of a laser. The quality of the finished products is comparatively higher
than the conventional methods. The EBM is the best suited for industrial applications and has a
huge potential for metal AM. The electron beam scans directly on the focus spot and heats the
powder granules at an extremely faster rate. The densification is attained on the rapid solidification
of layer-by-layer built [107]. Based on the scanning pattern, the melt pool network is designed. On
comparing the layer thicknesses of 100 and 200 um, the latter has more defects than the former
layer thickness. This implies that the layer thickness minimizes the hardness and mechanical
properties of the built components. A better quality output is achieved by optimizing the process
parameters [108].

Also, heat treatment studies discuss the heating and re-heating effects on the continuous
process, which leads to the annealing effect. The microstructural analysis depicts that rapid

solidification is achieved on truss structures [109] and the continuous grain boundaries become



more noticeable on heat treatments. Similarly, the austenite phase is observed on the surface of
316L, and other phases were less than 0.5%, whereas the microstructure remains the same in all
aspects [110]. The EBM produces a defect-free component on 316L and 347 stainless steels. The
corrosion property of 316L is higher than 347 stainless steel [111,112]. The formed 316L alloy
exhibits a high density, with high strength and ductility. However, the aforementioned properties
reduce with a high-temperature fabrication, whereas the toughness is increased. The strength can
be improved by varying the process parameters, such as layer thickness, scan speed and build time
[113]. Only a limited range of materials are used in EBM. The relevant materials include cobalt-
chromium, steel, Ti and Ni alloys. Moreover, the material used in EBM should be conductive and
a vacuum chamber is needed to prevent the interaction of an electron with the environment. The
welding features are less in EBM.

EBM process is not only used to manufacture components; they are also used in repairing or
re-joining dissimilar metals in their damaged zones. While fabricating the 316L alloy on IN718
substrate, cracking occurs due by imposing the IN718 into the 316L steel. However, this is avoided
by parameter optimization [114]. The EBM process handles through gas tungsten arc welding, the
samples show solid cellular arrangement on top surface and noticeable grain boundaries at the
bottom surface. Molybdenum present on the surface enhances the hardness of the samples
[115,116]. Due to the enrichment of chromium and molybdenum on fusion zone, mechanical
properties of the metal are improved, and these results are equivalent to the wrought alloy [117].
The tensile and yield strengths of 316L increase by 76 and 29%, respectively when compared with
the wrought alloy. Building 316L cladding on the same substrate, columnar growth occurs along
the build direction. This growth is controlled by bilinear dislocation arrays in austenite phase,
which improves the densities. Carbide precipitation present on the columnar growth affects the
corrosion resistance [118,119]. Optimization of the process parameters, such as speed function and
focus offset result into an anisotropy behavior with high tensile properties. In order to avoid o
phase precipitation at a high-temperature zone, the aforementioned parameters are taken into
consideration. In case of EBM, the microstructural analysis is mostly examined when compared
with the other studies [120-125]. Practicably, the application of EBM is found in many fields:

nuclear, chemical reactors and aviation, to mention but a few [126].



3.2.2. Laser powder bed fusion additive manufacturing

Selective laser sintering (SLS) provides higher accuracy and surface quality when compared
with a fused deposition modeling (FDP) technique. Among AM techniques, the SLS or direct
metal laser sintering (DMLS) is a powder-based technique where the binders and base materials
are in the form of powder, fused together and formed a functional prototype. SLS is powder based
technique that uses a high power laser selectively scans the thin layer of powder, sintered the
powder particles in the shape of cross section. The parameters, including particle size, shape,
distribution, bulk density and flow must be commensurate with the sintering process [78]. This
method is not only applicable to metals, but it also used in the manufacturing of ceramics [127],
bio-polymers [128] and composites [129,130]. The SLS process provides a rapid cooling
technique, where the properties are enhanced by T6 heat treatment of Al alloys [131]. With respect
to the building of support structures for the components produced by laser powder bed fusion (Fig.
6), the web support is best, when compared with the tube support, due to ease of removability after
finishing the process. The support structure can be removed by hands without using any specific

or special tool [132].
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Fig. 6. Laser powder bed fusion process.



In the 17-4PH AM process, single tracks, single layer hatches and penetration depth are
studied. By using high speed camera system, the active illumination technique identifies the
defects and irregularities along the building process [133]. Due to the presence of oxides, sulphides
and nitrides group of compounds in the grain boundaries at sharp corners lead to fracture or crack
on the surface of the metal. In case where the compounds are equiaxed on all ends, it possesses
pinning and grain growth development [134]. With AM, the energy input depends upon the
porosity of the material. Upon decrease of energy density, porosity increases, and increase of
energy input above a certain level balling effect occurs. Therefore, it is important to maintain the

energy density in a defined limit [135].

Besides, comparing the laser built additive manufactured and wrought AlSi10Mg, 17-4PH,
316L stainless steels, Ti-6Al-4V, the fatigue strength, ductility and hardness are greatly improved
than wrought and annealed material. The high-density metal fabrication prevents the porosity of
the component. In DMLS, the built component subjects to hot Isostatic pressure produces a high
fatigue life, but other properties show small improvements [136]. The anisotropy behavior of the
material significantly affects the properties of steel [137]. Fabrication of a single piece component
through laser additive manufacturing (LAM) attracts a high cost budget and hence, it is meant
mainly for mass production. The cost rate reduces more than 80% on increasing multiple pieces
of production than single piece production. In the future, the general price development of LAM
machinery should be examined, as it has a very big influence in terms of cost [138]. In AM, the
density is achieved greatly, whereas the impact strength is slightly lower when compared with
wrought alloys [139]. The sintering time and temperature determine the occurrence of porosity.
The powder turns to a molten metal during melting and deposits as per the desired dimension and

parameters description mentioned.

By defining the process parameters, the porosity levels of the sintered part are maintained
[140]. By comparing the residual stress test with destructive evaluation and non-destructive
evaluation (neutron diffraction method), it is evident that the deformation is predominantly visible
on the prism specimens built in the horizontal direction and more confined on vertically built. The
use of 45-degree off-axis scanning creates a reduction in residual stress [141]. For 316L stainless
steel fabricated through selective laser melting (SLM) technique with high density gives good
results in a corrosive atmosphere. A high performance of constructed parts is observed at an energy
density of 333.3 J/mm?3 [142].



The post processing treatment, such as shot peening significantly improves the surface
morphology. The built DMLS surface shows a needle-like peaks, but the microstructural analysis
depicts that the needle dents disappear on shot peening process. Under low scan speed and shot
peening, the surface roughness tends to reduce [143,144]. LAM manufactured martensitic 410L
stainless steel exhibits mechanical strength twice that of wrought alloys. In contrast, the austenitic

steel shows a lower tensile strength and hardness than martensitic steel [145].

In addition, fabrication of 304L stainless steel with Ti-6Al-4V and vanadium as an interlayer
forms a coarse inclusion and poor powder segregation, which supports a decrease in its mechanical
strength. Adjacent layer deposition containing Fe and Ti results to an embrittlement. Post
processing treatments with parameter optimisation promote the recrystallation effects and enhance
the mechanical performance [146]. When comparing 304L stainless steel fabricated under two
conditions (low and high heat inputs), fine microstructure and good mechanical behavior are
obtained for a low linear heat input. The coarser microstructure is visible on the top and bottom of
the walls, due to a decrease in cooling rate with an increase in distance from the substrate. This
result to a greater reduction in mechanical properties than the annealed one. The martensitic
transformation occurs on annealed 304L plate, which shows a high strain rate. This condition can
be minimised by additively manufactured steel with high nitrogen pre-alloyed powder that
produces austenite phase transformation on annealing, which promotes better properties [147].
With the fabricated SSCX using laser powder bed fusion, the austenitic and martensitic phases are
examined by SEM and X-ray diffraction (XRD) analysis. There are no presence of carbide and
porosity [148]. A comparative study of 316L stainless steel on three different fabrication
techniques, namely; SLM, hot pressing and conventional casting, the microstructure, mechanical
and tribological properties are analyzed. The results show a homogenized granular structure
without pores, high mechanical strength and a better wear resistance is seen in SLM fabricated
alloy [149].

Microstructure and micro hardness were analyzed through an optical microscope and Vicker’s
hardness tester. It is observed that laser metal deposition samples are defect-free; without cracks
or porosity, and with martensitic-dendritic growth structure [150]. The specimen shows
dendrite/cellular solidification microstructure in the as-built condition. Whereas, wrought 17-4PH
shows BCC/martensitic and FCC in a roughly equal volume fraction. Comparative study of wear
and mechanical properties of additively manufactured 17-4PH stainless steel with conventional
manufactured wrought specimens is carried out. The results show that the wear rate of additively

manufactured 17-4PH stainless steel is lower than conventional technique, under a dry condition.



Conversely, additively manufactured 17-4PH stainless steel has a higher wear rate than
conventional technique, under a lubrication condition [151]. The mechanical and microstructural
characterization of 17-4PH is studied in different build directions (vertical cylinders and horizontal
prisms). The result shows that vertically built samples exhibit lower strength and elongation to
failure than horizontally built samples. Also, heat-treated samples show an increase in yield
strength, ultimate tensile strength, compressive strength and hardness. Heat-treated samples are
less ductile when compared with as-built [152].

Furthermore, an experimental design approach using a fractional factorial orthogonal design
based on Taguchi’s design matrix has been used to study the micro-hardness and ultimate
compressive strength of 17-4PH stainless steel. Four varying process parameters, which include
laser power, build orientation, layer thickness and defocus distance are considered. Statistical
analysis depicts the effects of optimization chart. The results show that laser power at 270 W,
vertical orientation, layer thickness of 30 um and defocus distance of -6 mm exhibit an improved
mechanical performance [153,154]. Study on microstructural analysis of 17-4PH stainless steel
under various heat treatments, atom-probe field ion microscopy (APFIM) and transmission
electron microscopy (TEM) show that hardness and yield strength increase after aging at 400 °C,
over a prolonged aging (400 °C at 5000 h) [155]. Using two different atomizing media (nitrogen
and water) and two different SLM post-processing (solutionizing at 1050 °C and 315 °C, aging at
482 °C for each temperature), mechanical properties and microstructural characterization are
analyzed. The results show that gas atomized powder has a single martensitic phase at a low
temperature solutionizing of 1050 °C and aging at 482 °C, whereas water atomized powder has a
fully martensitic phase at a high temperature solutionizing and aging. Mechanical properties of the
water atomized with high-temperature post-processed alloy are observed to be comparable to gas
atomized counterpart. The microstructure of gas-atomized powder after high-temperature
treatment has small and large Cu-enriched precipitates, but water atomized shows very fine
enriched precipitates that are uniformly distributed in BCC martensitic structure [156]. The effects
of defocus distance and the surface roughness as well as the hardness are investigated. It is evident
that at a defocus distance of -4 mm and laser power of 300 W, it shows better surface properties
and higher hardness with neither porosity nor cracks [157].

Also, 17-4PH stainless steel printed through SLM techniques under two different strategies:
(1) single scan of each print layer (scan ‘O”) and (2) scanning each print layer twice (scan ‘X’).
The results show that samples printed with scan ‘X’ strategy show higher hardness, relative density
and retained austenite [158]. The corrosion test of laser powder bed fusion (LPBF) and wrought

17-4PH under electrochemical test and immersion exposure in 0.6 M NaCl depicts that LPBF



exhibits a better corrosion resistance than wrought [159]. The magnetic, electrical and hardness
properties of 17-4PH steel samples before and after heat treatment with samples built-in vertical
direction show that the three properties are not homogeneous when samples are printed vertically.
However, there is an homogeneous phase composition with the horizontally fabricated samples
[160,161]. Mechanical properties of 17-4PH stainless steel are better without post-processing
when compared with the traditional method. Hardness vastly decreases during solutionizing and
only increases marginally during aging. With solution treated condition, little evidence of
martensite is present and the aged condition show no transformation to tempered martensite [162].
Grain refinement through shot peening improves the physical and mechanical properties of 17-
4PH stainless steel. Shot-peening treatment effectively enhances the roughness, hardness,
compression yield strength and wear resistance of the specimen [163].

The experimental study of 17-4PH stainless steel on varying scan velocity, hatch spacing and
slice thickness with heat-treated and as-built samples are examined. The samples after heat
treatment show improved and better properties than as-built counterparts. When changes in
composition are combined with the precipitation strengthening, the properties are improved [164].
Corrosion performance of LPBF parts of high density shows slightly higher corrosion performance
when compared with wrought samples [165]. Stress relief heat treatment increases the tensile
strength, but decreases the yield strength. It also decreases the extent of discontinuity yielding.
The within building and build-to-build tensile properties are less repeatable than mature structural
alloys, but similar to alloys that are fabricated through AM [166]. Additively manufacture 17-4PH
stainless steel and correspondingly fabricated through SLM, both atomized in either argon or
nitrogen atmosphere has been comparatively studied. The results show that the correspondingly
fabricated through SLM sample show that SLM fabricated martensitic products exhibit hardness
Rockwell C (HRC) of 30, while on aged at 482 °C gives an HRC of 43. Austenitic products do not
exhibit age hardening [167]. The solutionized and aged steels show better yield and ultimate
strengths, when compared with additively manufactured steels. Steels that are built under nitrogen
atmosphere exhibit a combination of retained austenite and martensite phase and also possess a
better fatigue resistance to crack growth. [168]. Considering the comparative study on fatigue
strength, wrought alloy shows a slightly higher fatigue strength than additively fabricated steel.
The steel samples that are built in vertical direction show a significant lower elongation at breakage
than horizontal counterparts [169]. The steel obtained after the post processing processes is defect-
free; free from voids [170]. Pitting resistance of a material decreases by the addition of niobium
and nitrogen to 17-4PH stainless steel, whereas molybdenum increases the corrosion resistance of

the alloy and this is identified by cyclic polarization test. When the corrosion/pitting potential is



high, then it implies that the corrosion resistance of the material has improved [171]. When impact
velocity is higher than 8 m/s, it means that 17-4PH stainless steel aged near 460 °C possesses

erosion-corrosion resistance in a single martensite matrix [172].

4. Concluding remarks

From this compendious review, the various fabrication processes of stainless steel have been
discussed. Though, powder metallurgical processes and casting improve the strength of some
materials, but often with porosity. The density of the material in AM is high, when compared to
other fabrication techniques. The layer-by-layer fabrication increases the density of the 3D-printed
stainless steel components. In a bid to support the green economy, the priority to look forward to
achieving manufacturing process that minimizes the consumption of raw materials and enhances
the product range is very germane. AM is an outstanding technique by producing stainless steel
components that are impossible to manufacture via other techniques.

However, critical and advanced progressive efforts are still required for further development
and growth of AM technique. These are necessary to reduce the production/manufacturing cost as
well as supporting mass production and printing of large stainless steel components. These
challenges are surmountable with the advent of various efficient sophisticated engineering

software, robots in manufacturing, artificial intelligence and smart manufacturing.
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