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Abstract

Difficult-to-cut alloys, which include titanium, cobalt, nickel alloys, and high-strength and heat-resistant steels, can nowa-
days be manufactured using selective melting (SLM), and products made of such materials are widely used in aerospace,
automotive, and medical applications. SLM is widely used among other methods of additive manufacturing (AM) for the
production of parts with complex geometry which are difficult to produce using conventional manufacturing processes. In
this review article, for the first time, a comprehensive literature review of the most important parameters which influence the
SLM manufacturing process of difficult-to-cut alloys is discussed and analysed. Parameters such as composition, grain size,
defects, texture, and thermo-mechanical properties and their effect on surface integrity, namely surface topography (machined
surface defects, surface roughness, surface texture), microstructural alterations (plastic deformation, grain refinement, and
orientation, white layer formation), and mechanical properties (work hardening layer formation and microhardness, residual
stress) are discussed. As a result, this review article shows the advantages and disadvantages of using various compositions,
classifications, microstructure, defects, and properties of SLM of difficult-to-cut alloys on surface integrity and outlines
development prospects, challenges, and future trends.
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1 Introduction increasingly used in automotive, aerospace, instrumen-
tation, shipbuilding, and medical applications. As a rule,
these alloys can maintain their structural integrity (high
strength, corrosion resistance, and creep) at elevated tem-
peratures near their melting point [2]. On the one hand, this

makes it possible to obtain products with excellent physical

In recent years, much attention has been paid to the research
and development of difficult-to-cut alloys such as tita-
nium, cobalt, nickel alloys, and high-strength and heat-
resistant steels [1]. Products made from such materials are
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and mechanical properties, but on the other hand, it causes
certain difficulties when manufacturing products from such
materials [3], both traditionally and additively manufac-
tured [4]. The excellent physical and mechanical properties
of products obtained by additive manufacturing methods
significantly reduce the machinability of such products in
subtractive machining methods [5]. At the same time, such
alloys have low plasticity at room temperature and are poorly
deformed, which introduces challenges when manufactur-
ing such alloys using traditional manufacturing methods
(i.e. rolling, forging and drawing) and limits their applica-
tions [6]. In contrast to subtractive manufacturing which is
based on the removal of material from a solid part, additive
manufacturing (AM) processes such as selective laser melt-
ing (SLM) use a layer-by-layer method for manufacturing
products into their final shape [7, 8, 9]. Other processes
include wire and arc additive manufacturing (WAAM) [10],
laser powder bed fusion (LPBF) [11], and DED [12]. SLM
process employs efficient lasers to create three-dimensional
physical objects according to a given configuration using
layer-by-layer selective melting [13]. Nowadays, addi-
tive manufacturing techniques such as SLM are used to
make spare parts as a replacement for welded components
in aeronautics [14]. The physical and mechanical proper-
ties greatly depend on the material processed which could
often exceed those manufactured by traditional technolo-
gies. This is because SLM enables the creation of complex
geometries and the use of advanced materials that cannot be
easily produced with traditional manufacturing techniques;
therefore, SLM is actively used where it is most important
[15]. The constant development of AM makes it possible
to produce geometric shapes of any complexity for a wide
range of alloys with excellent mechanical properties and
close to 100% density [16]. Many works, including reviews,
are devoted to the study of SLM process; however, it is
important to identify those related to difficult-to cut alloys.
For example, Gong et al. [17] reported on various additive
manufacturing (AM) methods including SLM; however, the
effect of input parameters of these methods on surface integ-
rity, surface topography, microstructural alterations, and
mechanical properties was not reported. Maconachie et al.
[18] and Dhiman et al. [19] studied SLM lattice structures
establishing a correlation between the mechanical proper-
ties and relative density of many topologies elementary
cells; most of the material data analysed presented values
within the range of values predicted by the Gibson-Ashby
model. This model suggests positive power relationships by
the relative density and mechanical properties. Typically,
SLM products have a porosity of 0-3% [20]. Wettability,
surface tension, and melt viscosity play an important role in
the process of manufacturing products by the SLM. Also,
to obtain a high-quality melt strip, it is necessary to find
the optimal process parameters in the corresponding rather
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narrow range (scanning speed and laser power) [21]. How-
ever, the appearance of internal stresses, their presence, and
magnitude is associated with the geometric shape of the
product, as well as the rate of heating and cooling, with the
coefficient of thermal expansion, as well as structural and
phase changes in the metal [22]. Perceptible internal stresses
can cause deformation and formation of macrocracks and
microcracks [23, 24]. The negative impact of the previously
listed factors can be partially mitigated by the use of heating
elements that can be installed around the substrate or powder
feeder and inside the installation. Moreover, another kind of
post-treatments can induce compressive residual stresses on
the part’s surface, allowing the enhancement of fatigue life
[25]. In addition, the optimal orientation of parts in the build
chamber reduces the area of fused sections [26], heat treat-
ment to relieve internal stresses [20], and the use of a “stag-
gered” laser scanning strategy [27]. A very important quality
indicator of the surface of a part is the state of its surface
integrity as a result of modification due to the manufacturing
process [4]. There are three aspects of surface integrity [4]:
(a) topography characteristics, including machined surface
defects, surface roughness and surface texture( b) micro-
structural alterations, including plastic deformation, grain
refinement and orientation, and white layer formation; and
(c) mechanical properties, including work hardening layer
formation, microhardness, and residual stress. Indeed, SLM
is currently a very intensively developing method of AM
[28]. However, an analysis of the literature shows that up
to date, there are no review articles that could establish a
complex relationship between surface integrity on aspects
such as surface topography, microstructural changes, and
mechanical properties for SLM of difficult-to-cut alloys. The
use of these alloys is increasingly significant, and the studies
obtained will significantly expand the understanding of the
SLM process and show promise for future research.

This review article for the first time presents a compre-
hensive analysis of the most important parameters in SLM
of difficult-to-cut alloys on surface integrity aspects such as
surface topography, microstructural changes, and mechani-
cal properties. The structure of the review article consists
of an introduction. Section 2 describes selective SLM of
titanium, cobalt, nickel alloys, and high-strength steels with
their composition, classification, grain size, defects, texture,
and properties. Section 3 provides definitions and an under-
standing of the concept of surface integrity. The structure of
difficult-to-cut alloys manufactured via SLM has an impact
on surface integrity in a variety of ways, including surface
topography, which includes machined surface defects, sur-
face roughness, and texture; microstructural alterations,
which include plastic deformation, grain refinement and ori-
entation, and white layer formation; and mechanical proper-
ties, which include work hardening layer formation as well
as microhardness and residual stress, which are all discussed
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in Section 4. Section 5 presents challenges and future trends
in the development of SLM for difficulty alloys. Section 6
summarizes the conclusions.

2 Selective laser melting of difficult-to-cut
alloys: composition, classification,
microstructure, defects, and properties

It is possible to melt and fuse metallic powders using SLM
process, which is an additive manufacturing technology that
uses a high-power density laser to melt and fuse metallic
powders [1]. The SLM technique can produce components
from a large variety of metals and metal-based composites
and offers advantages such as design flexibility and man-
ufacturing cycle time [29]. According to Shen et al. [30],

Difficult to cut alloys produced
via SLM process

CO-BASED
REFRACTORY

Fig. 1 Microstructure of difficult-to-cut alloys produced using SLM
process for Ti-based [32], Co-based [33], Ni-based [34], Fe-based
[35], refractory [36], and macrostructure of bimetallic [37]

certain planes are more prone to strain during the macro-
scopic elastic deformation; due to the crystallographic ori-
entation of the material, the SLM developed a high textured
microstructure due to the step solidification [31]. Depending
on the average plane direction developed in the solidification
stage, the plastic deformation can be hindered and increase
the difficulty to cut these materials. Figure 1 illustrates the
microstructure of difficult-to-cut alloys produced via SLM
process. Moreover, examples of commercially available
alloys are described in Table 1.

Commonly used difficult-to-cut alloys are presented
in Table 1. Two nickel-based alloys, the Inconel 718 and
Inconel 625, are widely studied in the literature. Inconel
718, which is niobium-modified precipitation hardening
nickel—-iron alloy, presents the nominal composition of
50-55 wt% of Ni, 17-21 wt % of Cr, 4.8-5.5 wt% of Nb,
2.8-3 wt% of Mo, 0.65-1.15 wt% of Ti, and 1 wt% of Co,
and some other elements might be present as well, such as
Al (0.2-0.8 wt%), and Fe (balance) [34]. Inconel 625, on the
other hand, is a nickel-based superalloy strengthened with a
solid solution. These two superalloys are extensively present
in aerospace applications. Moreover, it also appears in pres-
sure vessels and nuclear and chemical applications. The fea-
tures of Inconel 625 at high temperatures include excellent
corrosion resistance and high tensile and fatigue strength;
they are particularly well suited for high-temperature and
high-pressure applications. The composition of Inconel 625
alloy is 62.10 wt% Ni and 22 wt% Cr matrix with some other
elements with 4 wt% of Nb, 9 wt% of Mo, 2.5 wt% of Fe, 0.2
wt% of Mn, and Si [39].

The Fe-based alloys 17-4PH and 15-5PH also appear in
the additive manufacturing process. These are martensitic
precipitation-hardening stainless steel alloys. Their micro-
structure can be tailored as a function of the building cham-
ber atmosphere. For instance, manufactured components
present austenite (50-75 vol%.) and martensite (25-50%vol.)
under a nitrogen atmosphere. On the other hand, compo-
nents are mainly formed by martensite (92%vol.) under an
argon atmosphere [40]. Ti-based alloys are also materials of

Table 1 Commercially available

. - Ti-base Co-base Ni-base Fe-base Refractory  Bimetallic
Ti and cobalt, nickel alloys, and
high-strength steel alloys for Ti6Al4V ~ CoCr Inconel 625  SS17-4PH W GRCop-84 (cu)/IN625
additive manufacturing [38] 1-TiAl Stellite 6 Tnconel 718 SS15-5GPI W-25Re  CI8150 (cu)/IN625
Ti-6-2-4-2 Stellite 21  HastelloyX  SS304L Mo
TA32 Haynes 188 Haynes 230  SS316L Mo-41Re
Haynes 214 SS420 Mo-47.5Re
Haynes 282  Tool Steel (4140/4340) C-103 (Nb)
Monel K500 Invar36 Ta
C-276 SS-347
Rene 80 JBK75
Waspalloy NASA HR-I
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interest in additive manufacturing due to their high strength-
to-weight ratio [40]. Ti-6Al-4 V has a nominal composition
of 6.4 wt% of Al, 4 wt % of V, and some trace elements such
as Fe and Ta, with Ti (balance). TA32, a near o high-tem-
perature titanium alloy (Ti5A14Sn2Zr1Mo0.25Si1Nb), has a
great interest in aerospace as a material for motor afterburner
parts and also as cruise missile parts. Refractory materials,
e.g., niobium, tantalum, and tungsten, are mainly used when
applications demand extremely high-temperature-resistant
materials, e.g., radiatively cooled thrusters. On the other
hand, cobalt-based alloys are typically used in applications
where temperatures are elevated but lower than in the first
case of applications [38], typically up to 800 °C [41].

Even with SLM’s significant advances in additive manu-
facturing, numerous microstructural faults can severely
impact the overall functionality and strength of the created
part. Many issues have been studied; however, in this part,
the focus is on some of the most popular ones, which will
be discussed later in the present work, such as porosities,
plastically deformed regions, grain orientation, and white
layer formation [42, 43]. The mechanical flaws due to lack
of fusion (LOF) and cracking in solidified areas are two of
the most often seen problems in SLM of such alloys. In LOF,

Fig.2 Defect of keyhole-
induced porosity: A Defect

of lack of fusion pores and
gas-induced porosity. B
Scanning speed effect on part
porosity: C (I) 250 mm/s, (I)
500 mm/s, (IIT) 750 mm/s, and
(IV) 1000 mm/s. Laser power
effect on part porosity: D (I) 90
W, (II) 120 W, and (1II) 180 W,
adapted from DebRoy et al. [40]

_HI(DUO[ 11

gas is kept within the structure instead of a sticky solid in
a similar situation. Employing an inadequate power laser
source or an inadequate scanning speed across a dusty sur-
face can result in insufficient melting of the metal powder
and the lack of a strong bonding medium for solidification.
Internal stresses caused by a material’s limited heat conduc-
tivity and high coefficients of thermal expansion, particu-
larly along grain boundaries where dislocations are present,
result in cracking, which is yet another mechanical defect
[44, 45]. Some of these defects are shown in Fig. 2.

Ran et al. [46] evaluated the morphological and mechani-
cal properties of TA32, presenting microstructural features,
such as polished surface characteristics as a function of laser
power, and grain refinement as a function of laser power. In
both property evaluations, the authors showed that the higher
the laser power values, the lower the porosity and building
defects are, and the higher the surface quality is. However,
the authors observed a keyhole effect, which regenerates
some pores after the solidification. Moreover, they addressed
the reasons behind the vaporisation of aluminium and other
elements. This fact requires tuning the laser power to pre-
vent a lack of fusion and avoid elements vaporisation. The
authors suggested that the laser power range should be from
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250 to 350 W in this specific case (a machine of Ytterbium
fibre laser with a maximum beam spot size of 200 pm). For
surface quality, the grain size shows an increasing trend with
increasing laser power (see Fig. 3).

In Fig. 3, the authors varied the laser power for the evalu-
ation of the microstructure chance and also the occurrence
of defects. In Fig. 3 a to e, when power input increases from
200 to 400 W, the grain sizes also increase from 12,4 to
62 pm; In Fig. 3a, the occurrence of porosity caused by the
leak of fusion due to the low power input (200 W). The
mechanical properties of TA32 SLMed parts presented a
maximum value for 300W laser power. However, for 250
W, the ductility of the components has shown higher values
and similar tensile strength compared to 300 W parts (see
Fig. 4).

Considering the mechanical properties, the strength of the
SLM processed parts presented a maximum value of 300 W,
because of the lower defects density that occurred in such
process conditions (cf. Fig. 4). The authors compared other
works of literature, which returned to their components’
position. Although one reference showed a Ti-6Al-4 V part
presenting 1420 MPa strength in the literature, the exhibited
value of 1262 MPa places the work of Ran et al. in the aver-
age of the other two works and higher than the other five
works (we decided only to cite the main work of Ran et al.
[46]). The authors did not fully address the explanation of
the values of the SLM part’s strength. However, they stated
that the higher the laser power inputs, the bigger the aver-
age grain size. These grain size modifications are associated
with higher energy input being more beneficial to crystal
growth than crystal nucleation. They also inferred that the

Fig.3 Laser power influence on grain sizes morphology of TA-32 alloys: laser power 200 W (a); 250 W (b); 300 W (c); 350 W (d); 400 W (e)

[46]
Fig.4 Laser power influence on (a) (b)
the strength (a) and ductility (b) i#70 16—
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presence of these defects plays an essential role in mechani-
cal behaviour trends. Although the authors gave no further
information about this behaviour, this is because when the
grain size of a metal is reduced, the number of grain bounda-
ries — the interfaces between the grains — increases. These
boundaries act as barriers to dislocation motion, increasing
strength and hardness. Additionally, smaller grain sizes can
increase ductility and toughness, as the smaller grains allow
for more deformation before fracture. However, there is a
limit to how small the grain size can be reduced before other
factors, such as impurities or defects, become more influ-
ential in determining the mechanical properties. The high-
temperature mechanical properties of these parts presented
712 MPa at 600 °C, which the author considered a desirable
value. Due to its layer-by-layer build-up, the parts built by
the SLM process usually show strong crystallographic tex-
ture, which can affect the sample’s mechanical properties

and induce anisotropy. This issue can be alleviated by using
optimal process parameters [47, 48]. Typical mechanical
properties of difficult-to-cut alloys manufactured via SLM
are described in Table 2.

The texture of the components is a function of the neigh-
bourhood conditions of the molten pool, component thick-
ness, and microstructure (heat removal direction/ thermal
gradient). Unmelted powder particles collocated to the con-
tour pass/molten pool cause randomly oriented crystals/grains
due to heterogeneous nucleation. As the component is built
in and grows away from these regions, crystal/grain preferen-
tially occurs in direction [001] (see Fig. 5). Figure 5 a shows
an example of an a-phase microstructure and a calculated
f-grain microstructure in Fig. 5b with equiaxed grain. Due
to the predominant heterogeneous nucleation caused by the
contact of the molten pool with the surrounding powder bed,
the crystallographic orientation of the grains in these areas

Table 2 Typical mechanical properties of difficult-to-cut alloys manufactured via SLM process

Alloy and state Setup, W/mm/s Young modulus, Yield stress, ~ UTS, MPa Elongation Ref o, Fatigue life, Ref oy,
GPa MPa MPa/cycle

In625 AB 247/1000 145+4 652+10 925+13 3243 [39, 49] -/- -
In625 AB+900 °C ~ 247/1000 142+ 11 567+15 869+7 38+ [39, 49] -/- -
In625 AB+1100 °C  247/1000 114+38 409+ 14 886+11 56+5 [39, 49] -/- -
In625 AB 180/500 178 719 973 35 [50] 200/2x 10° [50]
In625 AB 50/500 202 800 1030 35 [40] -/- -
In625 Hip 200/800 - 380 900 58 [40] -/- -
In625 Cast - - 350 710 8 [40] -/- -
Hastelloy® X-AB 195/1000 - 816 937 36 [33] 500/107 [33]
Hastelloy® X-Hip 195/1000 - 813 926 35 [33] 550/107 [33]
316 AB -/- 192-199 363-487 648-970 2044 [40] -/- -
316 Cast -/- 200 36525 596+16  69+9 [40] -/- -
Ti-6Al-4 V-Hip 200/1000 - 850 930 12 [51] 600/107 [51]
Ti-6Al-4 V-AB 200/1000 - 1230 1300 6 [51] 350/107 [51]
Ti64—Cast -/- - 896 930 6 [40] -/- -
Ti64-Mc/M/Ht/Hip ~ 750/1925 - - - - - 475/107 [52]
Ti64-U/M/Ht/Hip 750/1925 - - - - - 200/10° [52]
Ti64-Mc/P/Ht/Hip 350/770 - - - - - 375/107 [52]
Ti64-U/P/Ht/Hip 350/770 - - - - - 200/107 [52]
Ti64-W/BiM - - - - - - 450/107 [52]
Ti64-W-Mc-UFL - - 860 930 >10 [53] 675/107 [53]
Ti64-W-Mc-L - - 860 930 >10 [53] 480/107 [53]
Ti64-AB-Mc—UFL  -/- - - - - - 500/107 [53]
Ti64-AB-Mc—L -/- - - - - - 300/107 [53]
TA32 alloy-AB 250/1000 - 1220 1262 8 [46] - -
Co-alloy F75-AB -/- 166.8 +2.4 591+13 898+2 6+0.2 [54] 135/2x 10° [54]
Co-alloy F75-Hip -/- 202.7+3.7 514+29 936+8 25+0.15  [54] 318/2x 10° [54]
Co-alloy F75—Cast -/- - - - - - 296/107 [52]

AB as built, Hip hot isostatic pressing, Mc machined, M intermediate setup, P performance setup, Ht heat-treated, Bim bimodal particle size dis-
tribution, cast as cast, W wrought, UFL ultrafine lamellar-a, L lamellar-a, in bold — traditionally processed component
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Build direction (N;)

Fig.5 Original a-phase map (a) and (b)—(e) rebuilt f-grain structures
for 1 mm, 1.5 mm, 2.0 mm, and 5 mm broad walls. The black lines
indicate a 15° or more misorientation. The inverse pole figure (IPF)
orientation contrast concerns the construction direction NZ [55]

is primarily random. As the wall thickness increases, cross-
hatching requirements increase, and these conditions develop a
microstructure composed of long columnar grains (Fig. Sc—e).

In conclusion, the microstructure, defects, mechanical prop-
erties, texture, and surface quality are closely dependent on the
primary processing parameters of the PBLF/SLM machine
(power beam, energy density, scan speed, powder morphol-
ogy and moisture, powder layer thickness, among others) and
post-treatment processes such as thermal-treatment processes
(stress relieve, solid precipitation, artificial aging, hot isostatic
pressing, among others) and machining processes (paper-
sanding, polishing, among others). Therefore, optimising and
adapting these factors to a specific application is highly rec-
ommended to optimise and adjust these factors to a particular
application. Due to the wide availability of powder alloys for
SLM with the combination of post-processing treatments and
its capability to produce components with similar mechanical
strength and fatigue life in comparison to traditionally manu-
factured components parts, SLM is a promising technique for
parts made with high format complexity and suitable for the
aerospace and the nuclear sectors.

3 Surface integrity of difficult-to-cut alloys
manufactured via SLM process

Astakhov [56] defined surface integrity “as a set of various
properties (both superficial and in-depth) of an engineer-
ing surface that affect its performance during service.” This

21
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Ssk

Fig.6 Ssk-Sku map for conventional manufactured Ti-alloys [6] and
SLM surfaces [7]. Captions: EDM, electro-discharged machined; EP,
electro-polished; SLM-GRF, Gaussian regression filter; SLM-MOF,
morphological opening filter

definition showed the concerns with the functionality of sur-
faces instead of a simple result of a specific manufacturing
process. In order to focus on mechanical components, two
aspects of surface integrity — geometrical and physical —
deserve special attention. The surface roughness should be
described to represent the geometrical aspect. Otherwise,
the residual stresses are a relevant topic to consider in terms
of physical meaning. Although the average surface rough-
ness is a robust indicator of manufacturing variability, i.e.,
it is also useful as a quality control indicative since it has
a considerable effect on part integrity. Astakhov [56] cited
nine metal cutting processes and eight abrasive processes to
describe the ranges of R, values. R, reported from all cutting
processes ranged from 0.8 to 6.3 um, and from 0.1-0.8 um
in abrasive processes. Consequently, talking about sur-
face functionality is much less probable using only R, or
another average parameter. Each surface has a distribution
of heights, determined by peaks and valleys. The height
distribution should be treated as a statistical function. The
most well-known curve representing the height distribution
is Abbott-Firestone [57]. Some standards are available to
determine roughness parameters from the Abbott-Firestone
curve, notably ISO 13565 series regarding 2D parameters
and ISO 25178 on areal surface texture (3D) [58]. The cal-
culation using bearing curves includes non-trivial mathe-
matical manipulations of graphs. Franco and Sinatora [59]
showed that standard instructions do not result in values that
might be considered “average heights.” For this reason, we
prefer to describe the distribution in Gaussian or non-Gauss-
ian through the Ssk-Sku map [60]. Figure 6 shows results
obtained by Mehl et al. [61] for CNC-machined, electro-
machined, and electro-polished Ti-alloys for implants and
abutments. Together with their points, other literature results
are presented, helping to visualise that the Gaussian surfaces
can be obtained from entirely different processes in terms of
average roughness — shot-peening or polishing.

Lou et al. [62] described all topographical issues of SLM
surfaces as a function of different product mechanisms.
Besides roughness, waviness, and form error, they included
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the presence of globules and surface pores as surface com-
ponents. These aspects imply creating new methodologies to
describe the topography. Therefore, these authors proposed
to extract globules/surface pores using watershed segmenta-
tion. The extraction of waviness was also studied, using two
alternatives: (i) a robust Gaussian regression filter and (ii)
morphological opening filter. In Fig. 1, one can observe the
value of Ssk/Sku for studied cases presented in [62]. A non-
Gaussian surface has resulted from the SLM process, differ-
ing from conventional mechanical modifications/treatments.
The waviness extraction method has a significant effect on
the values. When the Gaussian regression filter was applied,
the SSk-Sku values were closer than the Gaussian height
distribution.

Residual stresses can be a result of thermo-mechanical
effects during processing. Depending on the applied process,
more significant differences in mechanical properties can be
predicted and determined at different regions formed, imply-
ing residual stresses [63, 64]. Parrish [65] classified three
types of residual stress distribution for machining processes.
The heat generated by friction or other source is responsible
for superficial tensile stresses (type I). At the same time, the
hardening due to the plastic deformation causes compres-
sive stresses at the surface (type III). An intermediate case
is a combination of plastic deformation and heat generation,
where a peak of tensile ones follows the compressive stresses
at the surface. During SLM processes, heat generation turns
the control of residual stresses into a relevant challenge. Dif-
ferent simulations have been applied to surpass this difficulty
[66, 67]. Carraturo et al. [68] applied immersed boundary
methods to predict the residual stresses of the 10-layer SLM
structure. They verified an unlikely distribution of stresses
compared to those classified in reference [65]. In this case,
longitudinal and transversal stresses are initially in tension,
then in compression, and almost vanish at the bottom of the
base plate. An explanation for this behaviour was given by
Ming et al. [69]. which is associated with the differences in
cooling rates observed in surface and subsurface regions
of a material processed by SLM. Besides, the differences
in cooling rates considering directions result in anisotropy
of residual stresses. Figure 7 presents the profile residual
stresses for all types described here: three based on conven-
tional machining and one (type four) based on the investiga-
tion performed in [66].

In subtractive manufacturing processes, it is possible
to analyse surface integrity by considering the topography
and residual stresses simultaneously. For example, Morelo
et al. [70] showed for bored super-duplex stainless steel
that the use of the Sg parameter was pretty correlated with
the compressive or tensile stresses values determined at
the surface: the higher the Sg value, the higher the tensile
residual stresses. On the other hand, this task sounds distant
in additive manufacturing. Yang et al. [71] described several
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Fig. 7 Residual stress distributions: types I, II, and III due to conven-
tional machining [65] and type IV resulted from SLM

methods to characterise metal additive manufacturing pro-
cesses and products. They infer a relatively lower surface
roughness and relatively higher residual stresses for power
bed processes, including SLM. Even though this descrip-
tion would refer to other AM processes, for powder injec-
tion, the relation between roughness and stress is also the
opposite: a higher surface roughness would be accompanied
by lower stresses. The indicative made by Yang et al. [71]
can be discussed in terms of the uncertainty of roughness
determination for SLM parts. Thompson et al. [72] measured
the topography of an SLM Ti-6Al-4 V part using four com-
mercial instruments. The discrepancy reached 61.9% in the
reconstructed profiles. The main relationship between the
microstructure of additively manufactured parts and subtrac-
tive machining processes is a crucial factor that affects the
final surface texture of the part. The interaction between the
crystallographic and grain morphology (size, shape, orienta-
tion) of the additively manufactured and the characteristics
of the machining process such as the cutting tool geometry
and tool position is known to influence the developed cut-
ting forces [73]. Therefore, there is an immense challenge
in determining the topography of additively manufactured
components. Until a new paradigm could be established,
the surface integrity understanding will remain open, and
the relativisation of surface characterisation will be a mere
speculation.

4 Influence of SLM structure
of difficult-to-cut alloys on surface
integrity

4.1 Influence of surface topography
of difficult-to-cut alloys manufactured via SLM
process

4.1.1 Influence of surface defects

A major disadvantage of SLM process is the excessive
formation of defects, which can be mitigated as discussed
in this section. The surface and bulk quality of SLM parts
depend mainly on powder thickness, SLM environment, and
parameters like laser energy, the thickness of SLM layers,
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scan speeds, and hatch spacing. Improper choice of any one
or more parameters could be the reason for defect forma-
tion in SLM parts. These surface defects can drastically
decrease the overall strength and performance of SLM part,
by forming a point of stress concentration and initiating and
propagating the fatigue cracks [74]. These cracks should be
eliminated, or their size should be reduced till their effect is
negligible [75]. This section mainly focuses on the surface
defects of SLM parts, their types, and measures to eliminate
or reduce them.

Surface defects are an essential parameter to look out for
while defining the surface integrity and quality of a part
produced by a machining operation. The surface defects in
SLM-produced parts are mainly of three types: incomplete
fusion holes or lack of fusion (LOF), cracks, and porosities.
Incomplete fusion holes or lack of fusion are the defects
mainly produced by low-energy inputs. Other factors can
contribute to the formation of these defects, such as lower
laser power, fast scanning speed, and large hatch spacing.
Due to this, the metal powder particles are not appropriately
melted, and the next new layer is not deposited correctly on
the last layer, with an adequate overlap [76, 77, 78]. Incom-
plete fusion hole defects consist of unmelted metal powder,
which is not easily melted during the deposition of the next
layer, as shown in Fig. 8.

These imperfections cause the part’s surface to be rough,
which results in an improper flowing of liquid metal, result-
ing in interlayer faults, which also have the potential to pro-
liferate, resulting in enormous multilayer faults [79]. Liu
et al. studied the consequences of manufacturing flaws in Ti-
6Al-4 V alloys treated through selective laser melting. The
outcomes show that the LOF defect increases local stress,
hence beginning a fatigue fracture and lowering the mate-
rial’s strength. Additionally, the flaw’s position is also criti-
cal in determining its effect. A LOF fault at the material’s
free surface resulted in a reduced fatigue life [75]. Masuo
H. et al. conducted studies to determine the effect of hot
isostatic processing (HIP) on Ti-6Al-4 V alloys generated
using SLM. They determined that the majority of flaws cre-
ated were LOF defects and that the majority of these defects
could be removed using the HIP approach [80].

Fig.8 LOF defect in SLM
manufactured Ti-6Al-4 V alloy:
a along layer boundary; b un-
melted powder particle [75]

Another surface defect in SLM parts is the formation of
cracks (generally hot cracks), which are formed by the high
stability of liquid metal at low temperatures [81]. These
are the results of very high cooling rates followed by high
local power laser interaction with the metal powder. Cooling
rates of the order of 10% K/s cause increased residual stresses
and thermal gradients, resulting in cracks formation in the
SLM part (Fig. 9) [82, 83, 84]. According to research per-
formed by Mercelis et al. [85] highly dense parts produced
by the SLM, the method was subjected to more stresses.
Kempen et al. conducted experiments to make a highly
dense M2-HSS without significant component cracks [86].
The authors pre-heated the base plate and observed several
outcomes to achieve this. Firstly, the pre-heating resulted
in lower thermal gradients. Additionally, they found that a
higher pre-heating temperature of 200 °C led to less for-
mation of cracks. The study also revealed that using laser
surface re-melting (LSR) caused the density to increase but
also increased the formation of cracks in parts. This was
due to LSR resulting in higher cooling rates and enhanc-
ing the formation of brittle martensitic phase, which further
increased crack formation.

Defects in the form of near-spherical shapes are often
caused by a low packing density of metal powders during
the selective laser melting (SLM) process. When the metal
powder is melted, any gases trapped inside cannot escape
the final SLM product due to the process’s short solidifica-
tion time and high cooling rate. As a result, these trapped
gases create small voids known as porosities (see Fig. 10).
Porosities can also appear near the surface of a hollow struc-
ture due to the high temperatures of the liquid metal pool,
which increase the solubility of gas and, in turn, cause more
significant gas enrichment within the liquid metal pool.
This increased gas content leads to the further formation of
porosities. Additionally, Qiu et al. found that incomplete re-
melting of previous layers can result in ridges within the part
[88].

Factors affecting the formation of defects The principle
of selective melting of metal powder in SLM manufactur-
ing puts forward three major factors which influence the

Un-melted Power particles

G
100 pm
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Fig.9 SEM images of crack
initiation in SLM manufac-
tured Ti6Al4V alloy: a crack
morphology; b microstructure
of sides of crack [82]

Fig. 10 Spherical porosities observed using light optical microscopy
by Thijs et al. [87]

formation of defects. These three factors are described in
Table 3.

While inappropriate selection of any one or a combina-
tion of machining parameter, scanning strategy, and pow-
der type can result in defects in SLM manufactured parts,
the types, and causes of which has been discussed in this
sub-section, various factors are also efficient in decreasing,
or eliminating these defects. Increasing the scanning speed
and/or input laser power, as discussed above, results in an
increase in defects in SLM parts. Consequently, reducing

Table 3 The factors affecting the formation of defects

Crack initiation from edge

Continuous microstructure
on both sides of a crack

both scanning speeds and laser energy input might prove
to be beneficial in reducing the defects within SLM parts.
Furthermore, using fine powder metal-particles and using a
cross-hatching scanning strategy also results in a reduction
of SLM defects.

4.1.2 Effect of SLM parameters on surface roughness

Another main problem or drawback regarding SLM
manufactured parts is surface roughness. Frequently sur-
face roughness is even more detrimental than the com-
mon defects of additively manufactured materials [80].
In the work of Yasa et al. [96], the surface finishing of
parts produced through selective laser melting (SLM)
was compared with that of other machining processes
and precision forging. The authors found that the SLM
parts had higher surface roughness and oxidation levels
than the other methods, with roughness levels ranging
between 10 and 15 pm. MicroSLM, a type of SLM that
uses a smaller laser spot size and finer powder particles,
can potentially mitigate the surface roughness and oxida-
tion issues identified by Yasa et al. [96]. Using smaller
laser spot sizes, microSLM can produce parts with finer
details and smoother surfaces, resulting in lower surface

Sr. No Factors References Conclusions

1 Laser energy input [82, 83, 89, 90] 1. High laser energy coupled with low scan speed- more melting at elevated temperatures, porosity

defects created

2. High laser energy coupled with high scan speed- High residual stresses causing microcracks in

SLM parts

3. Lower laser energy coupled with higher scanning speed-insufficient supply of heat resulting in
incomplete melting of metal powders leading to interlayer lack of fusion defects (LOF)

2 Powder material [82,91]

1. Finer metal powder particles resulted in less porosity formation

2. Gas-atomised powders resulted in fewer porosities formation as compared to water-atomised

particles
3 Scan strategy

[92,93,94,95] 1. The cross-hatching scan strategy resulted in less defect formation (incomplete fusion or LOF) as

compared with Unidirectional and zigzag scan strategies
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roughness [97]. Also, microSLM can use finer powder par-
ticles, reducing the amount of residual stress and defects
in the part, leading to lower oxidation levels.

Table 4 provides an overview of the average surface
roughness of various materials when processed using SLM,
while Fig. 11 shows the surface morphology of SLM-pro-
duced parts from two different perspectives.

Although the roughness depends on the temperature of
SLM part surface and process parameters like scanning
speeds [50], Kaynak and Tascioglu [107] confirmed that a
lower surface finish is obtained in the SLM process, also
because of various other reasons partially melted powders,
and defects like pores and cavities on surfaces of SLM
parts. However, the surface roughness also depends on other
parameters and factors. Metallic powder size, thickness of
layers, liquid metal pool size, and wall angle are more sig-
nificant than others [108]. Where wall angle or draft angle
is of specific surface from the horizontal. Another effect
that is also responsible for surface roughness is the staircase
effect, which is generated from a combination of thickness of
layers and wall angle (Fig. 12). Decreasing the wall angles
and increasing the thickness of layers enhances the staircase
influence and thus increases the surface roughness. However,
increasing the wall angles and decreasing the thickness of
layers enhance the stairs’ number but decrease their size,
thereby reducing the surface roughness [36].

Mumtaz and Hopkinson [103] studied the top and side
surface roughness of SLM-processed Inconel 625. They
found that the process parameters that reduced side sur-
face roughness (decreasing repetition, decreasing overlap
and increased scan speeds) tend to increase top surface
roughness, whereas the parameters which reduced top sur-
face roughness (increasing repetition, increase overlap and
reduced scan speeds) tend to increase side surface rough-
ness. However, the use of higher peak power reduces both
side and top surface roughness, by improving wettability
and smoothening of melt pool surface. Zeng et al. [110]
evaluated surface roughness by multi-scale evaluation using
length scale tilings. Surface roughness improved when the
relative length at scale was comparable to or more than the
layer thickness of the SLM process. Numerous different
procedures and techniques have been demonstrated to be
effective in lowering the roughness and improving the sur-
face quality of SLM components. Laser re-melting or LSR
is one such technique that involves melting the surface (of a
finished part produced by SLM) till the temperature at which
the material melts but less than the temperature of evapora-
tion and allowing it to cool down rapidly (Fig. 13). The cycle
of re-heating and rapid cooling is repeated until the desired
properties of the material are obtained [109, 111].

Alrbaey et al. [111] concluded that LSR has a great scope
of improving the quality of the surface of parts produced

Table 4 Top surface roughness
of SLM manufactured parts

based on different literature

Authors Year Material Average Ra (um)
Yasa et al. [96] 2011 316L Stainless steel and Ti6Al4V ~ 10-15
Yadollahi A. and M. Shamsaei [98] 2017 Inconel 718- Stress relieved, 20
HIPed, Solution treated and aged
D. Wang et al. [99] 2016 316L stainless steel 7-13
Yamaguchi H. et al. [100] 2017 316L stainless steel 7-17
L. Lober et al. [101] 2013 316L stainless steel- Gas atomised 15
Konec¢na R. et al. [102] 2016 Inconel 718 6.5-15.5
Mumtaz K. and Hopkinson N. [103] 2009 Inconel 625 4-13
Kelley PF. Et al. [104] 2015 Inconel 718 3.5-6.5
XuZ. etal. [105] 2018 Inconel 718 20

Fig. 11 Surface morphology
of an SLM part: a top view; b
cross-sectional view [6, 106]
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Fig. 12 Influence of wall angle
on surface roughness [109]

Laser scan direction

—
/ \\
— N —

Laser remelting of
solidified layers

Laser melting
of powder

Last layer

Fig. 13 Laser surface re-melting (LSR) on a part produced by SLM
[109]

from this technology, and can improve surface quality up
to 80% [112]. The outcomes of post-processing treatments
on surface characteristics on SLM-processed Inconel 718
were studied by Kaynak and Tascioglu [107]. They used 3
techniques, viz. finish machining (FM), drag finishing (DF),
and vibratory surface finish (VSF), as illustrated in Fig. 14.
The conclusions were as follows:

FM operation decreased surface roughness by 96%.
DF — 2 h of operation decreased roughness by 73%.
DF — 4 h of operation decreased roughness by 88%.
VSF operation decreased roughness by 82.8%.

Surface roughness is a major problem in the SLM pro-
cess, which shall be reduced to the industry standard of at
most 0.8 um. The high surface roughness of SLM manu-
factured parts, however, also finds its applications in medi-
cal fields for good biological properties, where Ti6A14V
implants manufactured by SLM technique can induce the
growth of bones [114]. Surface roughness, as discussed in
this section, can be the sole reason for a part to fail. This,
sometimes, makes surface roughness even more problem-
atic than surface defects. Considering SLM process, surface
roughness has always been a disadvantage, also due to the
requirement of post-processing techniques. Further, apart
from post-processing techniques to improve surface rough-
ness — like laser surface re-melting (LSR), FM, DM, and
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VSF — increasing wall angle and decreasing layer thickness
produce more, but smaller stairs (stair-case effect), resulting
in reduced surface roughness in SLM manufactured parts.

4.1.3 Effect of SLM parameters on surface texture

Surface variations from a completely flat surface are known
as surface texture. The surface texture is measured in terms
of roughness, waviness and form [115]. Considering the
SLM process, various factors like the type of the finish-
ing machining process and parameters, used determine and
are responsible for the formation of textures on the finished
part. Dursun et al. [116] studied the surface properties of
SS316L fabricated using SLM, focusing on the influence
of laser input factors on the surface texture. By varying
the power-scanning speed inputs, they observed different
surface textures. The results showed that increasing the
energy density and decreasing the scanning speed during
SLM processing led to smoother and better-textured sur-
faces with improved surface characteristics of the SS316L
part. As illustrated in Fig. 15a, keeping the scanning speed
constant and increasing laser intensity from 50 to 100 W
improved the surface texture considerably. Consequently, the
surface texture in Fig. 14c at 100 W is smoother followed
by Fig. 14b at 75 W and then Fig. 14a at 50 W. A simi-
lar (but inversed) trend was observed when scanning speed
was varied keeping the laser power constant, wherein, as
also illustrated in Fig. 15b, increasing scanning speed from
200 mm/s (Fig. 15a) to 600 mm/s (Fig. 15c) degrades the
surface texture of the SLMed part.

For examining the effects of three different scanning strat-
egies, Valente et al. [117] used island scanning (modelled),
island scanning (stripes), and line scan on surface textures
of Ti-6Al-4 V alloy produced from SLM technique. Line
scanning strategy resulted in the least surface roughness but
randomly distributed surface texture, however, more surface
roughness and even distribution of textures were observed in
island scanning. Covarrubias and Eshraghi studied the rela-
tionship between the build angle/slopping angle (a) with the
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Fig. 14 Post-processing (a) FM
techniques to improve surface tool holder
quality [113] \ cutting
tool SLM
manufactured
Inconel 718
. machined
workpiece surface
(b) DF
section A-A |
_workpiec
holder
~~
SLM @
manufactured
Inconel 718

section A-A

Fig. 15 Variation of sur-

face quality with changing a
laser input power (scanning
speed =200 mm/s): (i) 50 W;
(ii) 75 W; (iii) 100 W [116]
and b scanning speed (laser
power=100 W): (i) 200 mm/s;
(ii) 400 mm/s; (iii) 600 mm/s
[116]

surface properties of SLM fabricated Inconel-718 basedonan  where L, represents the thickness of the layer and R, repre-
equation given by Campbell et al. [118]. sents average surface roughness. They varied o from 0 to 90°
. in intervals of 15° as shown in Fig. 16. The results showed

= Lysin(@) 1) direct dependence of R, on build angle (a) as per Eq. 1, but

¢ 4tan(a) only for build angles between 15 and 75°, after which the
surface was developed by different mechanisms (Fig. 17)
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[119]. Moreover, the authors also concluded the presence
of higher average roughness along the downskin surface in
comparison with the upskin surface. This phenomenon was
attributed to partially melted particles of metal powder stuck
along the downside surface.

Yasa and Kruth improved the surface texture and micro-
structure by re-melting each layer of 316L stainless steel
while using SLM process for fabrication [120], whereas
Yadroitsev et al. [121] analysed the effects of preheating
temperatures and laser speed (keeping other parameters
constant) of the same material manufactured by SLM. Both
preheating temperature and laser speed influenced the mor-
phology and microstructure of SLM part significantly. In the
study of Zhou et al. [122], patterns were created in CoCrMo
alloy from SLM, with altering hatch space and scan tech-
niques while maintaining constant laser energy, speed, time
of exposure, and point distance. The outcomes suggested a
reduced hatch spacing, in conjunction with a cross-hatching
technique (Fig. 18), as seen in “Run 3” in Table 5, enhanced
the surface quality by forming “W” shaped surface textures.

Jadhav et al. [123] analysed the crystallographic texture
of pure copper fabricated via SLM. Relatively random orien-
tation of crystals in XY mid plane and YZ plane was obtained.
However, a strong crystallographic texture was seen on the
XY top surface. Popovich et al. prepared Cu-Cr-Zr-Ti alloy

Upskin

Roughness (um)

a=0° a=15° a=30° a=45° a=60° a=75° a=90°
Angle (a)

a=0° a=15° a=30° a=45° a=60° a=75° a=90°
Angle (a)

c)

i

Roughness (um)

Fig. 16 Illustrations showing a SLM cubic test samples studied by
Covarrubias and Eshraghi [119], b comparison of experimental and
theoretical (dashed lines) results with different build angles for upskin
surfaces, and ¢ comparison of experimental and theoretical (dashed
lines) results with different build angles for downskin surfaces [119]
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samples by selective laser melting process to study their
microstructures at room and elevated temperatures. Grains
of as-built SLM specimens were found to be elongated and
along the build direction, with a size of 30-250 um. How-
ever, the application of aging and solution annealing resulted
in the elongation of the grains [124].

Surface texture is another key indicator of the overall per-
formance of SLM process. Defined by roughness, waviness,
and form, increasing the laser energy density and decreasing
scanning speeds have been efficient to improve the surface
texture. The relationship between the scanning speed and
fabrication time is inversely proportional. However, increas-
ing the scanning speed beyond certain levels would result in
reduced size, wettability and flow of the molten pool [125],
which creates discontinuous melting tracks and reduced part
integrity (defects and reduced hardness) [126]. Therefore,
increasing the scanning speed will depend on establishing a
stable melt pool using optimum laser power. An alternative
to increasing the scanning speed for increased productivity
is to employ multiple lasers which dramatically speed up
long-running builds, nowadays reported to have machines
equipped with up to 12 lasers. However, this will be at the
expense of increased laser power requirements, possibly
causing increased residual stresses and related defects, and
unusual melting pool boundaries but with a significantly
reduced build time. The relationship between scanning speed
and fabrication time is a complex issue that is governed by
many build parameters that interactively affect the part qual-
ity and its surface finish. Moreover, using cross-hatching,
and island scanning strategies during the manufacturing of
SLM parts also improves the surface quality. Various defects
in a part produced by the SLM process make inevitable sur-
face irregularities, reduced surface morphology, and reduced
fatigue strength of the material. The key parameters which
decide the overall performance of the SLM process (pow-
der thickness, powder material, SLM environment, scanning
strategy and finish machining parameters) need to be opti-
mised considering different materials, for the best results.
Figure 19 illustrates the key topographical features typically
observed in parts produced through the SLM process. The
figure also provides recommendations for addressing these
characteristics.

4.2 Influence of microstructural alterations
in difficult-to-cut alloys manufactured via SLM
process

This section shows how microstructural alterations in the
difficult alloy powders affect certain aspects of the products,
such as porosity, mechanical properties, grain refinement
and orientation, and white layer formation.
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a=0°

mmm— 500 ym

Fig. 17 SEM images (a—d) and optical surface contours (e-h) comparing the upskin and downskin surfaces at angles 60 and 75° [119]

4.2.1 Influence of porosity and inclusions production technique. This defect can occur for two main
reasons, according to [76]. Because the powder bed contains
Porosity, defined as the presence of voids on SLM-pro-  approximately 50% porous material, gases contained within

duced materials, is a common defect associated with this  the powder may dissolve into the melting pool and become
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Fig. 18 Different hatching/
scanning strategies: a zigzag
scanning strategy and b cross
hatching strategy with 67° rota-
tion [122]
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trapped there after solidification as a result of the rapid cool-
ing rate. This problem can be addressed by increasing the
apparent density of the powder bed by increasing the coor-
dination number of the powder bed particles [76]. Another
reason is the high temperatures generated by the laser beam
raising the solubility of gases in liquid metal, making its
enrichment easier, which can be solved by diminishing the
liquid metal volume, thus lowering the thickness of the lay-
ers or reducing the gas pressure in the building. Figure 20
shows porosity due to entrapped gases in Ti-6Al-4 V alloys.

Uncontrolled porosity is generally undesirable because
of its detrimental effects on materials’ mechanical proper-
ties and is a common issue in the SLM process. Because of
that, several studies have been issued addressing the topic

of densification of SLM-produced parts. Li et al. analysed
the densification of 316L stainless steel powders and found
that processing parameters affect pore formation [84]. The
scan speed significantly affects pore formations with slower
speeds producing samples with less porosity and pieces
with higher scan speeds showing more and larger pores due
to weaker powder bonding. Another factor that influences
pore formation is hatch distance. The bigger the hatch dis-
tance, the more significant the probability of voids formation
and the appearance of large pores. Laser power also affects
porosity, as a piece produced with a 98-W laser showed
lower porosity and a smoother surface.

In contrast, many agglomerates were formed in pieces
made with an 80-W laser, and a lower flowability favoured

Table 5 Set of samples and

. Test 6(°) Contour parameters Hatching parameters VED (hatching)  Porosity
parameters for porosity test [50]
P(W) V@) D@um) P(W) V(@m/s) D(um) J/mm’ (%)

7 0 400 1 70 400 1 70 104 0.51+0.05
8 0 400 1.4 70 400 1.4 70 74.3 1.17+£0.4
9 0 400 1.8 70 400 1.8 70 57.8 1.85+0.34
10 0 400 2 70 400 2 70 52 2.43+0.9
11 0 400 1 160 400 1 160 19.9 0.36+0.09
12 0 400 14 160 400 1.4 160 14.2 0.91+0.12
13 0 400 1.8 160 400 1.8 160 11.1 2.96+0.8
14 0 400 2 160 400 2 160 10 27+04
15 0 400 1 240 400 1 240 8.8 1.16+0.09
16 0 400 14 240 400 14 240 6.3 1.30+0.6
17 0 400 1.8 240 400 1.8 240 5.1 5.06+0.2
18 0 400 2 240 400 2 240 4.6 72+03
19 0 180 0.5 70 175 0.6 70 79.3 1.44+04
20 0 140 0.5 70 175 0.6 70 79.3 0.7+0.16
21 0 140 0.5 70 175 0.7 70 68 1.29+0.22
22 10 140 0.5 70 150 0.6 70 68 0.2+0.08
23 10 140 0.5 70 200 0.6 70 90.7 0.37+0.18
24 10 140 0.5 70 175 0.7 70 68 2.1+0.51
25 10 140 0.5 70 175 0.8 70 59.5 6.32+1.26
26 35 140 0.5 70 150 0.6 140 17 0.36+0.04
27 35 140 0.5 70 200 0.6 140 22.6 0.12+0.02
28 35 140 0.5 70 175 0.7 140 17 0.66+0.06
29 35 140 0.5 70 175 0.8 140 14.8 1.61+0.30
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Fig. 19 Topographical features
related to SLM-produced parts
and recommendations for
addressing them

pore formation. Koutiri et al. also evaluated hatching
parameters, especially values of volume energy density
(VED) and building angle, and their effects on the densifi-
cation process into SLM-produced parts using Inconel 625
powder [50]. The results of the porosities test are shown
in Table 5.

This study found that the porosity rates decreased with
higher VED values and presented a threshold of 7 J/mm?
for it to happen. This observation occurred because the
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higher VED values promote larger melting pools, which
are more susceptible to re-melt previously deposited mate-
rial, preventing interlayer porosity. The building angle also
affected the densification of the parts, where the higher
the building inclination, the higher the heat concentra-
tion, increasing the average temperatures and reducing the
porosity rate. The study concluded that VED values could
be a reliable process parameter alongside scan speed,
beam diameter, and laser power.
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Fig.20 Optical micrograph illustrating porosity and lack of fusion
defects on Ti-6Al-4 V alloy [76]

This subsection discussed reasons for the emergence
of porosity in SLM-produced parts and some research
experiments that analysed how process parameters such
as scan speed and hatch distance affect its severity. These
researches on reducing and eliminating porosity on SLM-
produced parts are relevant due to the generally negative
effects of this phenomenon on the component's mechanical
properties.

4.2.2 Influence of plastic deformations

Titanium alloy pieces produced by the SLM process usu-
ally show better mechanical properties than conventionally
produced parts. As shown by Attar et al. in their paper, the
authors produced high-strength commercially pure titanium
parts through SLM with superior properties than those con-
ventionally processed due to the formation of martensitic
a' grains and grain refinement [127]. Additionally, the con-
ventional fabrication of complex-shaped parts is complex
due to the low machinability and the low ductility of these
alloys [128]. Regarding the Ti6Al4V alloy, one of its major
applications is in the aerospace industry, and in such cases,
the manufactured parts are subjected to complex and multi-
axial loads. Sun et al. evaluated the mechanical properties
of SLM-produced parts Ti6Al4V alloy given the building
direction of samples. The samples produced for tensile
testing were different only in the building direction, with
other SLM parameters and post-process treatment remain-
ing fixed. Three different build directions were tested: 0°,
where the load direction is parallel to the build direction;
45°, where there is a 45° angle between the build and load
direction; and 90°, where the applied loads are perpendicular
to the build direction. Figure 21a shows the geometry and
build direction of the samples. The samples’ tensile proper-
ties were obtained through a tensile test, and the results are
shown in Fig. 21b and Table 6.

This assessment showed that the building direction
impacts the tensile strength and ductility of the samples,
with the 0° sample having the worst performance in the
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Fig.21 a Geometry and build direction of the samples [129]. b Nom-
inal stress/ nominal strain curve [129]

study. Although, in this case, where samples built with 0°
showed the worst properties, in other studies, the authors
presented mechanical properties varying with a broader
range of values, such as in the works of [130] and [131]. This
range of values can occur due to the effects of build direc-
tion being susceptible to the SLM parameters variation, e.g.,
laser power and hatch spacing, which affect the microstruc-
ture of the samples and the pore formation [129]. Another
alloy frequently used in SLM processes is the nickel-based

Table 6 Tensile properties of the samples with different build direc-
tions [129]

Building  Elastic Yield Ultimate ten-  Ultimate strain
direction  modulus strength sile strength

©) (GPa) (MPa) (MPa)

0 111.55 857.6 935.57 0.141

45 113.26 882.76 963.5 0.175

90 115.87 888.42 952.57 0.168
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Table 7 Tensile properties of the samples [132]

Sample AB HT LSP
Yield strength (MPa) 576 +15 813+11 869+9
Ultimate tensile strength (MPa) 836+17 927+ 15 1029+ 13
Elongation (%) 452+1.1 43.1+0.6 46.0+0.7

Inconel 625. This alloy is also heavily used in aerospace
applications. However, the pieces present undesired and ani-
sotropic microstructures due to SLM characteristics, such as
columnar grains. Chen et al. evaluated how the post-process
treatments can affect the mechanical properties in SLM-pro-
duced samples of Inconel 625. [132] evaluated three differ-
ent samples: as-produced samples, denominated AB, which
went through solution treatment at 1070 °C for 1 h and water
quenching; the second group, denominated HT, was aged at
720 °C for 18 h; and the last group, denominated HT + LSP,
was subjected to laser shock peening after the heat treatment
(HT) (aging). Figure 22 shows the tensile test results, and
Table 7 shows the tensile properties of the samples.

The tensile test results show that the HT + LSP performs
better than the AB and HT samples. The LSP introduced
surface compressive stresses, and heat treatments promoted
the dissolution and the transformation of non-desired micro-
structures, such as dendritic morphology, causing the higher
strength values of HT + LSP samples.

These articles show how many variables must be evalu-
ated due to their effect on the end-product mechanical prop-
erties. From build direction and process parameters to post-
process treatments, every decision made has an impact on
the final product and needs to be carefully researched and
applied to produce components with the desired properties.

4.2.3 Influence of grain refinement and orientation

High thermal gradients and high cooling rates are char-
acteristics of the SLM process; these factors can produce
very small subgrain structures but also can lead to parts
with non-equilibrium and textured microstructures. Defects
such as porosity, entrapped gas, lack of fusion, and residual

Strain (%) Strain (%)

Table 8 Variations of heat

. Variant Solution treatment
treatment. WC, water cooling
[133] I As-built
1T 980 °C for 1 h*
1 1040 °C for 1 h*
v 1100 °C for 1 h*

*Furnace heating up to the
annealing temperature

stresses are also presented in these SLMed parts [76, 133].
To prevent the previously cited issues, modifying the alloys
powders’ microstructures via heat treatments (HT) can pro-
duce parts suitable for industrial applications with better
mechanical properties. Ghlebus et al. evaluated the influ-
ence of material characteristics and processing conditions of
Inconel 718 alloys processed via SLM regarding its effects
on microstructure and mechanical properties [133]. This
study produced four samples of HT variations to analyse
the microstructure results. The heat treatment variations are
shown in Table 8.

The as-built samples showed laminar structure, cellular
dendritic grain structure, and unidirectional columnar struc-
ture. The formation of these geometries is determined by
building parameters, such as hatch spacing, scan pattern,
and layer thickness as shown in Fig. 23.

Individual columns are formed by grains of solid solu-
tion y that have grown in length along the direction of their
development. This form of microstructure is caused by epi-
taxial, dendritic grain development in the direction dictated
by heat flow, as well as the desired crystallographic orien-
tation <001 >, which are both present in the crystal [133].
The microstructure of these samples was not homogenous,
with the presence of Laves phase (in the interdendritic
spaces and the regions of layer interfaces) and secondary
precipitates of y'/y" occurring in the interdendritic spaces
and the regions of layer interfaces (in regions with high
Nb concentration). The as-built samples underwent a post-
process aging treatment, maintaining the pieces’ columnar
nature and layered aspect. The results of the experiment are
shown in Fig. 24.
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Fig. 23 Microstructure of the
as-built samples showing den-
dritic-cellular grain structure.
a Optical microscope image; b
SEM image [133]

Fig. 24 Microstructure of the
aged samples. a xz plane; b xy
plane [133]

Intense etching of interdendritic areas and columnar
grain boundaries marked the nonuniform precipitation of
y'ly"-phase. In addition, the development of needle-like
8-Ni3Nb precipitates in interdendritic spaces. Variant
IT and III annealing parameters were insufficient for full
homogenisation of the y-phases. Still, the slow heating
followed by soaking of the samples caused the dissolu-
tion of metastable Laves particles and reduced segrega-
tion of Nb particles. Annealing conditions of the variant
IV samples caused the homogenisation of y-phases. The
microstructure found in these samples results from grain
boundary migration induced by reducing grain boundary
area [133]. Also, the y'/y" precipitation and Laves phases
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Fig. 25 SEM image of the sample after annealing at 1003 K (730 C)
with 2 h of dwelling time [76]
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were dispersed in the grain boundary on these samples.
Vilaro et al. evaluated the microstructure of heat-treated
and as-fabricated samples of Ti-6Al-4 V titanium alloys
produced by the SLM process [76]. The as-fabricated sam-
ples showed a metastable martensite a’ phase that resulted
from the rapid quenching from the  domain. This metasta-
ble microstructure was also found in as-fabricated samples
of other studies [134, 135]. Samples were subjected to
annealing heat treatment at 730 °C for 2 h. The result of
this experiment is shown in Fig. 25.

The previously cited heat treatment strategy caused par-
tial decomposition of the metastable martensitic a’-phase
found in the as-fabricated samples into the more stable
phase a+ . Vanadium acts as -phase stabiliser because the
vanadium atoms diffuse preferentially in S-phase. The last
strategy attempted by Vilaro et al. was a solution treatment
followed by a tempering treatment [76]. The solution treat-
ment was carried out at approximately 1050 °C for 1 h and
was followed by water quenching. The solution treatment
at this temperature causes shearing of the long columnar
grains found on the SLM-produced parts and dissolution
of the o' phase into the f-phase. The water quenching in
these samples transforms the body-centred f-phase into a
hexagonal a' phase, and as a result, it develops equiaxial
grains with approximately 200 pm in diameter. The temper-
ing treatments were carried out at temperatures between 700
and 950 °C for 2 h. In all conditions, one sample was cooled
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Fig.26 SEM images of the
microstructures of the samples.
a 850 °C tempering treatment
and b 950 °C tempering [76]

in air, and another sample was cooled within the furnace.
Figure 26 shows the microstructure of samples subjected to
850 °C and 950 °C tempering.

The authors stated that tempering between 700 and
750 °C causes the formation of o'+ fm + a phases. Between
750 and 850 °C, it forms a soft orthorhombic a"-phase that
causes a critical hardness loss. Above 850 °C, it forms the
a'+ pr+ a phases increasing the hardness of the samples
sharply. The cooling rates between air and furnace cool-
ing did not affect the microstructure of the samples in
these experiments. The results show that it is possible to
produce more desirable microstructures through process
optimisation.

The modification of microstructure in SLM-produced
components was addressed in this subsection. Previous
studies have shown that it is possible to use heat treatments
to change microstructural characteristics in parts produced
with SLM process. However, it is necessary to suppress and
control intrinsic SLM manufacturing defects to make pieces
comparable to conventional process routes.

4.2.4 Influence of white layer formation

White layers are commonly associated with the machining
processes of Fe-based components, but other alloys also
present white layer formation, e.g., Ti-alloys [136] and Ni-
alloys [137]. They are called so due to their white appear-
ance on the surface of materials in etched micrographs.
These layers usually have higher hardness and lower duc-
tility than the remaining material and, because of that, can
be responsible for higher crack formation and lower fatigue
resistance in dynamically loaded components [138]. The
appearance of white layers is a thermally activated process,
and its characteristics in machining are determined by ther-
mal alteration and the chemical composition of the materials
[139]. Structural alterations related to white layers can be
dynamic recrystallisation, phase transformations, and grain
refinement due to severe plastic deformation [138]. The for-
mation of a hardened layer on the surface of components
can be a desirable characteristic. It can improve surface

Fig. 27 White layer around LOF defects on Ti-6Al-4 V sample [136]

finishing, offer higher dimensional precision, and overcome
detrimental defects of communication pores [140]. Laser
treatments can be applied to some materials to provide hard-
ened layers on the surfaces of components because of heat
gradients and self-quenching of the process [141]. However,
in the SLM process, due to the temperature gradient and
solidification-induced thermal stresses, there can be defects
such as porosity, lack of fusion, cracks, and the formation
of a white layer on the surface of pieces [136]. The micro-
structure of the white layer regions is composed of vicinities
with chemical composition gradients caused by the diffu-
sion process, which is thermally activated during the SLM
process. In the study of Xu et al. with Ti-6Al-4 V samples,
there was an evident white layer around the lack of fusion
(LOF) defects, as shown in Fig. 27 [136].

The white layer is around the LOF defects with an
increase of a phase. The average of four microhardness
measurements in the a phase white layer was 885 MPa,
higher than the average of six measures of the matrix mate-
rial, which was 562 MPa. The LOF defect alongside the
hard and brittle a phase white layer can lead to crack forma-
tion and propagation on the samples. [136]. An Inconel 718/
WC composite made with the SLM process found layers on
the interface between the WC particles and the Inconel 718
matrix, as shown in Fig. 28 [137].

At 650 mm/s laser scanning speed, there is a thin white
layer with almost no gradient interface. Reducing scanning
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Fig. 28 FE-SEM image show-
ing cases of no gradient inter-
face and diffusion layers at dif-
ferent laser scanning speeds. a
v=650 mm/s; b v=550 mm/s;
¢ v=450 mm/s; d v=350 mm/s
[137]

(a)

graded interface with a
diffusion layer

N

speeds caused the thickening of the gradient interface and
the emergence of a diffusion layer. The diffusion layer
merged with the gradient layer at the lowest speed, forming
a coarse and thick interface between the materials. Micro-
hardness values present a trend that the lower the scanning
speeds, the higher the microhardness (the highest values
were 393.2 HVO.1 for the samples made at 450 mm/s).
The 350-mm/s samples presented microhardness values of
0 381.6 HVO.1. The authors stated that the coarse micro-
structure is thought to have reduced the microhardness of
the samples [137]. The defects (pores and inclusions), the
plastic deformation, the grain size and its orientation, and
the white layer formation are strongly dependent on the pri-
mary processing parameters of the PBLF/SLM machine and,
therefore, care must be given so that requirements of the
application are satisfied according to the development of the
better condition/development of these factors.

This section addressed the white layer formation in SLM-
produced parts. Due to its association with higher crack
formation and lower fatigue resistance, the optimisation of
process parameters needs to be applied to avoid the appear-
ance of this phenomenon.

4.3 Influence of residual stress in difficult-to-cut
alloys manufactured via SLM process

The rapid changes from a solid phase to a liquid phase and
again to a solid phase give rise to high thermal stresses in
parts manufactured by SLM process [142]. Selective laser
melting is generally associated with large temperature gra-
dients, which generates an elastic deformation mismatch.
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These temperature gradients are generated by repeated
cycles of increasing and decreasing temperatures of con-
secutive powder layers, within a short amount of time [143].
The temperature gradient gives rise to increased residual
stresses in an AMed metal structure [144], resulting in
the separation of the base plate, cracks, and warpages [87,
145]. The separation of the base plate and cracks is shown
in Fig. 29a. Lower solidification time of the melt pool causes
the formation of martensitic microstructure, in Ti6Al4V
alloy, often with decreased ductility as compared with its
hot working equivalent [144]. Lu et al. [146] investigated
the residual stresses of Inconel-718 alloys manufactured by
selective laser melting process with differing island scan-
ning strategies, where island sizes were taken as 2 X2 mm?,
3x3 mm? 5x5 mm?, and 7 x 7 mm? (Fig. 29b). The lowest
residual stress was found in the specimen manufactured with
the size of an island of 2 X 2 mm?, while the highest residual
stress was observed in the specimen manufactured with the
size of an island of 33 mm?. The study concluded that the
higher the rate of cooling, the larger would be the residual
stresses in SLM parts [87, 145]. Also, comparatively large
residual stress was observed at the bottom of the parts, infer-
ring that there is a constant increment in residual stresses
starting from the initial layers in all SLM-produced parts.
This residual stress causes damage to many parts produced
by SLM process [146].

Geometry characteristics of the final part, i.e., length,
height, and, shape, also affect the formation of residual
stresses in SLM-manufactured parts [85, 147]. Casavola
et al. investigated the distribution of residual stresses in
selective laser melting with varying thicknesses of machined
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Fig.29 Images of a samples showing (i) cracking and (ii) separation of base plate [146]. b SLM process done by island scanning strategy [146]

parts, the conclusions of which are summarised in Table 9
[147].

Another work by Mugwagwa et al. [148] shows the effects
of chamfer, rounded, and sharp corners on residual stresses.
Results show that sharp corners lead to more residual
stresses, mainly due to rapid cooling in those regions. The
residual stresses, however, are also affected by the scanning
strategies of the selective laser melting process. Parameters
like laser energy and scanning speed must be optimised for
a particular scanning strategy, and the best strategy may be
chosen for the SLM process. However, material properties
(thermo-physical) and ambient temperature conditions also
play a key role in affecting residual stresses. Kovaleva et al.
[149] studied the transfer of heat in powdered metal particles
in SLM processing and found that the metal particle’s size

influences the absorption of radiation of laser, agglomeration
of particles, transfer of heat, and melting. Smaller particles
conducted heat more effectively resulting in faster heating
and cooling as compared to bigger particles [150, 151].
Vrancken et al. [152] studied residual stress development of
nine different materials: Ti Grade 1, Ti Grade 5, 316L stain-
less steel, 18-Ni-300 maraging steel, Tungsten, Tantalum,
Inconel-718, Al-Si-10-Mg, and Hastelloy C-276, the results
of which are tabulated in Table 10. The study concluded that
the principal stress values are inversely proportional to the
thermal conductivities of materials.

Preventing and managing these residual stresses become
critical in defining the SLM part and its dimensional accu-
racy. Various studies have shown ways to eliminate these
stresses. Powder preheating is one of the most common

Table 9 Distribution of residual stresses in SLM with varying thickness of machined parts

Part thickness (mm) Residual stresses

Explanation

3 mm Less

More stresses at about 5 mm, but
decreases as thickness increases to
7 mm

5-7 mm

Above 9 mm Highest residual stress

Parts deform easily, cancelling the residual stresses

Thicker sections are subjected to more laser passes, which acts as a post-
processing treatment for residual stresses (thus reducing the residual
stresses in those sections)

Bigger parts cool much faster, resulting in high levels of temperature gradient
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Table 10 Dependency of

) = Material Thermal conductivity Principal stress Nature of stress

maximum prmqpa}l stress on (W/m/k) (max, MPa)

thermal conductivity in different

materials in SLM Ti6AI4V 6.7 406 Tensile
Inconel718 11.4 419 Tensile
18-Ni-300 maraging steel 15 263 Compressive
Hastelloy C276 19 358 Tensile
Al-Si-10-Mg 113 64 Tensile
Tungsten 173 34 Compressive

ways of reducing residual stresses, without compromis-
ing productivity [142]. This reduces temperature variation
between the melt pool and neighbouring regions, thereby
reducing the temperature gradient in the machining zone,
and ultimately reducing residual stresses developed in the
final parts [153]. However, the pre-heating base plate also
produces good outcomes and is so far the best technique
in reducing the residual stresses of SLM parts [154]. Re-
melting or re-scanning is another effective method to reduce
residual stresses [155]. Re-melting is achieved by repeated
scanning of a layer to relieve it from thermal stresses [156].
This re-melting of layers acts as a heat treatment process.
However, for this technique to be effective, the energy of
the re-scanning laser should be less than the energy of the
initial pass layer laser. Mercelis and Kruth investigated four
energy levels of the re-scanning laser for effects on residual
stresses — 10, 33, 50, and 100% of the energy of the initial
pass laser. They concluded that the laser with 50% energy of
that of the initial laser to be most effective, reducing resid-
ual stresses by up to 30% [85]. Other techniques, lowering
the laser power, shortening the scan vectors, lowering the
scanning speeds, selecting appropriate scanning patterns,
and various post-process heat treatment processes such as
annealing and laser surface re-melting (LSR), are also effec-
tive in reducing the residual stresses of SLM processed parts
[155, 157]. The SLM process produces high residual stresses
in finished parts. The residual stresses can cause the final
part to behave in an unpredictable manner, which might
cause accidents and damage to human life and property.
These stresses mainly arise because of increased tempera-
ture gradients, high rate of cooling, and rapid phase transi-
tion. Increased cooling rates increase the residual stresses of
SLM parts. Furthermore, a high cooling rate also produces
a martensitic microstructure and decreases the ductility of
the material, as found by Ali et. al. in Ti-6Al-4 V [144].
Other factors like thin SLMed parts, fine powder particles,
and sharp edges or corners also increase the cooling rates
and further increase the residual stresses. Moreover, lower
thermal conductivities also contribute to increased residual
stress in SLMed materials. Figure 30 summarises the meas-
ures given in this section to reduce or prevent the residual
stresses in SLM parts.
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Fig. 30 Measures to reduce the residual stresses in SLM manufac-
tured parts

Residual stresses, as discussed, are generated by increased
temperature gradients, and associated phase transitions of
metal. These can be the root cause of base plate separation,
cracking, and warpage within SLM parts, ultimately com-
promising the effectiveness and accuracy of SLM manu-
facturing. However, using an island scanning strategy and
avoiding sharp corners in the final parts can decrease the
residual stresses. Moreover, pre-heating the baseplate and/
or metal powder, re-melting, reducing scanning speeds and
scan vector lengths, and lowering the laser power are also
efficient for decreasing residual stresses in SLM objects.

In this section, the effects of the structure of selective
laser melted difficult-to-machine alloys on the surface integ-
rity of finished parts were reviewed. A major disadvantage
of selective laser melting is machined surface defects, which
reduce the fatigue strength and overall performance of the
SLMed part. Among these defects, LOF or lack of fusion
or incomplete fusion holes (caused by low energy inputs
and insufficient overlap between layers), cracks (caused by
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high stability of liquid metal at low temperature, high cool-
ing rates and high local laser power), and porosities (caused
by the lower density of packing of metal particles) are the
most common ones. The major factors affecting these defects
are scanning strategy, laser power, and material powder for
manufacturing parts from SLM technology. Consequently,
finer metal powder and gas-atomised metal powders result
in lower porosity formation, whereas the cross-hatching scan
strategy reduces incomplete fusion hole defects.

Another serious drawback of SLM is the high surface
roughness in parts built by SLM technology. Surface
roughness in SLM parts depends mainly on temperature,
scanning speed, grain size, melt pool size, layer thickness,
defects, wall angle, and staircase effect. Studies found that
for Inconel 625 use of high peak power increases both
top and side surface roughness by improving wettability.
Many post-processing techniques proved to be efficient
in improving the surface roughness of as-built SLMed
parts. These include laser surface re-melting (LSR), fin-
ish machining (FM), drag finishing (DF), and vibratory
surface finish (VSF).

Surface texture, which is a measure of waviness, rough-
ness, and form, is affected, in SLM, by machining parameters,
scanning strategies, and pre- and post-machining techniques.
According to previous literature, higher energy densities and
lower scanning speeds have proved to be an efficient tool in
providing better surface texture of final parts manufactured
by SLM process. Considering scanning strategies, low sur-
face roughness but with randomly distributed surface texture
was observed in line scanning strategies, whereas higher sur-
face roughness but with even distribution of surface texture
was observed in the island scanning strategy. Moreover, the
cross-hatching technique with reduced hatch spacing resulted
in better surface quality by forming “W” shaped textures on
surfaces of selective laser melted parts.

Large temperature gradients generated by repeated cycles
of heating and cooling of successive layers in a short period
and associated phase transitions (from solid to liquid and
again to solid) give rise to residual stresses within SLM
parts. These stresses can compromise the overall perfor-
mance and dimensional accuracy and can cause warpage,
cracking and base plate separation in SLM parts. Residual
stresses, which are directly proportional to the cooling rate,
have been significantly reduced by the island scanning strat-
egy of island size of 2x2 mm? by Lu et al. [146]. Moreo-
ver, geometry characteristics like length, shape, and height
also affect the residual stress in SLM parts. With increasing
part thickness, the residual stress within SLM parts, first
increases, then decreases, then again increases. This phe-
nomenon, according to a study by Casavola et al. [143], is
attributed to the fact that thicker parts (due to increased sur-
face area) cool much faster resulting in a high-temperature
gradient and causing residual stresses to increase, which

overcomes the effect of induced post-processing treatment
by next laser pass, causing the trend of decreasing and again
increasing of residual stresses in SLM parts as thickness
increases. Further, sharp corners also result in rapid cool-
ing and increasing the residual stresses. Also, fine metal
powders result in fast heating and cooling cycles, thereby
increasing the residual stresses, which also increases with
decrease in thermal conductivity.

Various strategies like powder pre-heating, pre-heating
the base plate, re-melting (with around 50% of initial pass
laser power), lowering the laser power, shortening the scan
vectors, reducing the scanning speeds, and post-processing
heat treatments like LSR are efficient in lowering the resid-
ual stresses in selective laser melted parts.

5 Challenges and future trends

Despite currently being a popular manufacturing process
in the metal industry, thanks to its clear benefits and great
potential to enhance the functionality and complexity of
fabricated products, parts made from difficult-to-cut alloys
manufactured via SLM process still face many challenges,
some of which are summarised in Fig. 31 and the following
points below:

e The functionality and complexity versus cost factor
remains a great challenge in AM process of difficult-
to-cut alloys including those made via SLM process;
that said, it is important to strike a balance between

Variations in
material
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Production
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Data
processing and
design
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production
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Lack of
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Geometrical
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Fig.31 Some challenges in difficult-to-cut alloys made via selective
laser melting
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the quality of AM components that can be translated
into useful products and the overall costs incurred dur-
ing the lifecycle of the part. This is a challenge that
must be resolved to achieve a competitive edge over
other manufacturing processes. Until such time comes,
difficult-to-cut alloys fabricated using AM remain lim-
ited for manufacturing unique parts that are omplex to
produce using other manufacturing processes. In addi-
tion, manufacturing at a large scale and high rates is still
a major challenge and finding ways to print metal parts
faster is an ongoing development process. Although
there have been great improvements aimed to bridge the
gap between total costs and quality of AM parts to those
produced using conventional manufacturing processes,
nevertheless, printing metal parts especially made from
difficult-to-cut alloys remains costly and slow. Moreo-
ver, defects such as porosity and reduced compactness
of the microstructure make them inferior (lower den-
sity and strength) to parts produced using conventional
manufacturing processes and therefore, less suitable
for large-scale structural applications such as aircraft
engines.

It is well known that some of the difficult-to-cut alloys
are used in high-end applications such as aerospace,
defence, and space structures which require tight tol-
erances and high surface finish. For example, certain
engine parts must be produced to the design requirements
regardless of how complex the process can be. When it
comes to parts made from AM of difficult-to-cut alloys,
the process can be even more demanding due to the pre-
existing geometrical inaccuracies in the part arising from
the AM process itself. In addition, the larger the AM
part, the higher the likelihood of increased geometrical
errors which means that they would require specialised
machining operations and expertise that can be challeng-
ing to introduce into such industries. Moreover, certain
industries such as aerospace are usually very reluctant
to introduce new certifications since they require a lot
of time to be approved and adopted which might limit
the use of AM of difficult-to-cut alloys in nonstructural
applications.

Nowadays, AM parts are usually produced using topol-
ogy optimization techniques that use minimal material
while maintaining the required strength for the desig-
nated application. The processes incorporate conceptual
design through means of lighter and stiffer structures. In
general, there is a lack of expertise and understanding
in this field, especially in additive manufacturing pro-
cesses. A future trend that could arise is the incorporation
of temperature and deformation effects due to process
parameters in the topology optimisation process of the
part to improve its final shape, weight, and geometry as
shown in Fig. 32 below:
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Fig.32 The use of topology optimization in AM of difficult-to-cut
alloys showing a possible lack of understanding and expertise in AM
(highlighted in circles)

¢ Difficult-to-cut alloys produced via SLM or other AM pro-
cesses usually require post-processing operations such as
subjecting the part to thermal cycles to remove residual
stresses and improve the mechanical properties. In addi-
tion, machining operations are performed to improve the
accuracy and final shape of the part. Machining AM of
difficult-to-cut alloys is challenging not only because
of the present uncertainty in their mechanical and ther-
mal properties but rather of how varied those properties
could be using this process. The machinability of the part
can therefore vary significantly, even a small change in
material property such as its strength or hardness would
require new cutting data which can be time-consuming and
costly. Nowadays, hybrid machining — which is a combi-
nation of two or more machining technologies and other
supporting processes such as cooling — is gaining more
attention, especially for machining AM of difficult-to-cut
alloys. High cutting forces and temperatures are some of
the most challenging issues in machining difficult-to-cut
alloys which can be minimised using hybrid machining
technologies. For example, it is well known that using
ultrasonic-assisted machining can minimise cutting forces
and temperatures thanks to its unique cutting mechanisms.
In addition, it is well known that the use of certain cool-
ing technologies such as through tool cryogenic cooling
can significantly reduce the cutting tool temperature and
increase production rates. Hybrid machining becomes
more important in AM of difficult-to-cut alloys as it can
minimise the thermal effects on the part dimensional accu-
racy, surface finish and workpiece hardening. Moreover,
according to cutting tool manufacturers, many industries
are now adopting “green” machining initiatives to mini-
mise energy consumption and waste for difficult-to-cut
alloys.

e Machine learning (ML) has been increasingly employed
in different AM processes mainly focusing on planning
during pre-manufacturing, parameter optimisation and
in-process monitoring for quality control [158]. However,
the lack of large data for training and testing from AM
processes including SLM limits ML'’s ability to identify all
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the trends and patterns in the fabrication process making
it highly susceptible to errors due to biased predictions
from biased training sets. It is also possible to use ML for
automated fault detection during the fabrication process by
analysing the shape and geometry of the part to spot fault
occurrences and causing factors. The use of sensorial data
obtained from different monitoring systems (thermal sen-
sors and X-ray and computerised tomography) can provide
real-time data to help identify defects on the build surface
and internally (i.e., pores) [159], which can be then incor-
porated into ML models to possibly repair these defects
or prevent their reoccurrence in the following layers. It is
also important to focus future research on optimising and
monitoring pre-fabrication factors such as powder particle
shape and size as they greatly influence the melt pool qual-
ity and packing of the powder in the build. A suggestion is
to find a way of producing optimal powder particle shapes
and sizes, powder particle monitoring and categorisation
to minimise its effect on the final part quality.

6 Conclusions

The use of selective laser melting has a large amount of promise
for the manufacturing of components across a wide variety of
application domains. The papers that were described in this
review are possible for a complete study to be conducted for
the very first time regarding the surface integrity of machined
SLMed difficult-to-cut alloys. In this way, it was demonstrated
that when applied to traditional difficult-to-cut alloy samples,
this led to beneficial outcomes such as compressive stresses
and reduced roughness, and also led to beneficial surface
qualities when applied to SLM samples during the machining
process. When looking at the findings of the difficult-to-cut
alloy samples and the SLM samples side by side, there are,
as was to be expected, some differences. On the other hand,
as PBLF/SLM machine settings and post-treatment techniques
such as heat treatment and machining affect the microstruc-
ture, defect, mechanical qualities, texture, and surface qual-
ity, so do the post-treatment treatments. Because of this, it is
strongly recommended that these aspects be tuned and tailored
to a specific application to receive the best results possible.
Many powder alloys for SLM can be used in combination with
post-processing treatments, making it a promising technique
for the production of components with high format complex-
ity that can be used in a variety of industries, such as nuclear
power and aerospace. SLM can also produce components with
good mechanical strength and fatigue life but are still inferior to
traditionally manufactured parts (wrought or machined) [160].
Components made using SLM have the same mechanical
strength and fatigue life as those made with more conventional
methods of production. Finally, for difficult alloys that were

laser melted using a selective laser melting (SLM), there was an
in-depth examination of the connection between surface integ-
rity and properties such as surface topography, microstructural
morphology, and mechanical properties. As a consequence of
this, this review study detailed the advantages and disadvan-
tages of selective laser-melted difficult-to-cut alloys in terms of
composition, categorisation, microstructure, defects, and fea-
tures, as well as the development potential for both researchers
and industry.
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