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Abstract
The possibility of producing complex metallic parts in various industries can be attributed to the selective laser melting 
(SLM) additive manufacturing method. As a powder bed fusion technique, SLM fabricates the product layer by layer. The 
state-of-the-art research on SLM, the metallic alloys utilized in the process, and the surface morphology of fabricated parts 
are discussed in this paper. The present report contributes to the literature by providing a comprehensive overview of the 
surface morphology of metallic alloys fabricated using the SLM additive manufacturing method. The article covers recent 
research on SLM, metallic alloys used in the process, and the surface morphology of fabricated parts. Insights into the chal-
lenges and opportunities of SLM for the fabrication of metallic parts with desired surface properties are provided. In the 
first part, parameters representing surface morphology are introduced and types of surface defects are viewed. Subsequently, 
influence of process variables during the production phase is discussed in-depth, overviewing several parameters such as 
laser, scanning, and geometric parameters. Surface morphology enhancement, namely in situ treatment, post-processing, 
and finishing-machining techniques, is viewed separately by classifying them into subtopics, in respect of their improvement 
effectiveness. Mechanical aspects of the microstructure and surface are evaluated in correlation with the surface morphol-
ogy. The discussion of the findings considering the advantages and disadvantages of this technology is summarized finally. 
It is concluded that laser parameter effect’s significance depends on the work alloy. In the literature, process parameters 
are systematically studied, and better surface quality and favourable surface morphology of as build surfaces are possible. 
Moreover, it has been concluded that the surface morphology and quality of SLMed products can be improved with in situ 
techniques and post-treatments. Relieving residual stresses and decreasing porosity on the surface (various types of holes, 
pinholes, vacancies, etc.) during SLM operation are possible by base plate heating, powder preheating, and re-scanning. It 
is also noticed that the machinability studies of SLMed parts mainly focus on mechanical machining such as grinding and 
milling. Studies on the correlation between surface morphology of SLMed parts and mechanical properties are relatively 
scarce comparing to works on SLM production parameters. Finally, as an emerging technology for vast production of 
industrial items, it is concluded that surface morphology of SLMed products needs systematic correlation studies between 
process parameters and surface results.

Keywords Additive manufacturing · Metallic alloys · In situ treatment · Post-treatment · Selective laser melting · Surface 
morphology

1 Introduction

Selective laser melting (SLM) is a powder bed fusion 
(PBF)–based additive manufacturing technique [1]. In 
SLM, a high-power laser beam is used in order to selec-
tively melt powder particles [2]. These molten powder par-
ticles join together and resolidify to form the desired shape 

along the laser trajectory. Same process is repeated layer by 
layer until the final geometry is attained [3]. This method 
is preferred to produce high-density metallic, ceramic, or 
composite material components with enhanced mechani-
cal properties [4]. Moreover, general advantages of addi-
tive manufacturing techniques make this method attractive 
since it accelerates production. SLM proven its worth when 
geometrically complex components need to be produced 
in a short time [5]. A schematic representation of SLM is 
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shown in Fig. 1. It is an innovative approach having higher 
efficiency and maximum flexibility to offer near-net shape 
products according to requirements. Since metallic alloys 
cover a wide range of engineering applications, components 
produced with this method can serve to a broad field [6]. 
On the other hand, SLM is highly and recently studied for 
numerous conventional and innovative aspects that may lead 
to dramatical advantages that make the method more promi-
nent. For instance, the method can be a remedy for recycled 
metal utilization [7]. The cited work uses XPS (X-ray pho-
toelectron spectroscopy), XRD (X-ray diffraction), and SEM 
(scanning electron microscopy) techniques to characterize 
virgin and recycled metallic powders for 3D printing appli-
cations. The authors aim to understand the chemical and 
structural changes that occur during the recycling process 
and their impact on the properties of the powders for use in 
3D printing.

The quality of a product is reflected by several indicators 
including surface roughness, morphology, and mechanical 
features [8–10]. Considering sustainability, precision, geo-
metrical constraints, and longer component lifetime, surface 
morphology becomes one of the most important outputs in 
production chain [11, 12]. Although it is possible to fabricate 
high-density, flexible, and near-net shape parts with SLM, 
there is a challenge about product surfaces. Unlike the tra-
ditional manufacturing methods, SLM enables the fusion of 
particles to compose layers one by one [13]. This procedure 
creates surfaces resembling to ones from welding process 
due to interaction between layers of particles [14]. The char-
acteristics of the fusion work depend on the process vari-
ables, namely laser power, scanning speed, scanning pattern, 
and geometry. In this paper, a review of the process variables 
affecting the surface morphology is outlined as well as the 
post-processing and mechanical aspects in respect of the 
surface morphology. Although there are different types of 
reviews about SLM in literature, none of them focused on 
the surface morphology of metallic alloy components pro-
cessed through SLM in particular. This makes the review 

first in the field. It is anticipated that the paper will serve as 
an essential guide for the researchers in the future. Types 
of surface defects and surface morphology representative 
parameters are summarized in the first section. Afterwards, 
process parameter–induced variations in surface morphol-
ogy, surface morphology enhancement of SLMed metallic 
alloys, and surface morphology–induced variations in the 
behaviour of SLM components are extensively explained, 
respectively, before the concluded remarks, challenges, and 
future work sections. Investigated topics and subtopics of 
the scope designed for this study are outlined in Fig. 2. Each 
item in the diagram is discussed in the present paper with 
citations to the recent resources under respected sections.

1.1  Types of surface defects

Although additive manufacturing methods operate the pro-
cess without requiring machining tools, procedures, and 
apparatus, they have a number of challenges and in situ 
problems during production [15, 16]. As a result of pro-
cess parameters, various surface defects occur, which may 
influence the application and mechanical properties of the 
component during its lifetime. The processing parameters 
included in SLM are mainly laser power, scanning speed, 
hatch spacing, layer thickness, and scanning pattern. All 
of these parameters, either collectively or separately, have 
significant influences on the surface quality and defect for-
mations such as porosity, fusion hole, balling, microstruc-
tural defects, morphological irregularities due to residual 
stresses, micro-cracks, spalling, leaves, dimples, and spat-
ter [17]. The types of surface defects are demonstrated in 
Table 1 in order to identify them visually and to provide the 
reader clarity about terminology that is used in the rest of the 
paper. For instance, the porosity formations exist as small 
size and spherical shape blanks that are usually generated as 
a result of accumulated gas during the preparation of pow-
ders and they stay on the molten pool before solidification 
without solving due to high cooling rates [18]. Fusion holes 

Fig. 1  Schematic representa-
tion of a SLM operation and 
produced part

Laser beam

Melt pool
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form as a result of incomplete process due to the insufficient 
melting of powders [19]. Cracks are formed as a result of 
local energy build-up and due to high cooling rates and high 
temperatures during the process leading to thermal stresses 
[20]. Spatter is a residue on the final layer, which is realized 
due to interaction between laser and powder material during 
fusion, as some particles scatter to various directions outside 
of the laser track [21]. Rapid cooling of laser tracks, in the 
existence of conjugate heat transfer and thermal radiation, 
interacts with previous tracks having residual stresses and 
can create spalling, leaves, and micro-cracks [22]. Most of 
the surface irregularities such as incomplete spreading, sat-
ellites, patters, and dimples on the final layer are residues 
powder fusion by the laser.

1.2  Surface morphology representative parameters 
and measurement techniques

Surface morphology is an important feature of products, 
from micro- to macro-scale, for several application aspects 
such as suitability of wettability, adhesion properties, tri-
bological properties, lamination, corrosion resistance, and 
topological integrity. As a promising production method, 
SLM should be discussed in terms of surface morphology 
metrics. SLM produces near-net shape complex components 
through the fusion of molten powder particles. However, 
it can also cause certain surface defects that can signifi-
cantly reduce surface quality [26]. The prominent surface 

defect and surface morphology aspects, also summarized 
in Table 1, were researched based on the existing literature 
and a systematic behaviour and relationship with various 
process parameters are discussed in Sect. 2. Existing state of 
the art on surface modification techniques including in situ 
techniques and post-processing methods is summarized in 
Sect. 3, whereas the surface morphology and defects induced 
variations in mechanical behaviours of SLM fabricated com-
ponents are considered and explained in Sect. 4. The litera-
ture review shows that porosity, density, hardness, surface 
roughness, and surface profile cumulatively result in surface 
morphology of a SLM product [24–26, 36–44]. In order to 
provide desired surface properties for SLM products, pre-
determined operational parameters should be ensured for 
consistent structure at micro- and macro-scale. Since the 
material is composed point by point, line by line, and layer 
by layer, it is reasonable to expect surface defects as a result 
of building phases during the fabrication process, due to 
SLM parameters. Relative density of a SLM product sample 
is one of the indicative measures. The residual gas among 
particles during the manufacturing process influences the 
packing performance and leads to vacancies during solid-
ification phase. Pore is one of the examples of vacancies 
as being an undesired structural formation on the surface 
which can be detected with microscopic images. The dis-
tribution and packing mechanism of powder throughout 
the layers greatly impact the hardness and surface rough-
ness of the material. Surface profilometers and hardness 

Fig. 2  Investigated topics and subtopics of the scope designed for this study
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measurement devices can be used in order to evaluate the 
surface roughness and hardness after the SLM process. 
Atomic force microscope can also be utilized for determin-
ing surface profiles. On the other hand, the surface profile 
measurement depends on the topography of the measured 
area providing the high-density data of the 3D model of the 

surface [44]. The surface texture is determined by several 
parameters such as arithmetic mean height and maximum 
valley height. The measurement of this 3D surface was 
done by means of confocal microscopy [45] and coherence 
scanning interferometry [46]. As a summary of the surface 
morphology representative parameters and their respected 

Table 1  Type of surface defects
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measurement methods, Fig. 3 is given. Items in Fig. 3 have 
literature examples that are cited in the above and following 
text of the paper.

In general, surface morphology indicators are surface 
profiles, roughness values, porosity values, and patterns. 
The examination of surface morphology is done by imag-
ing at different scales from scanning electron microscope 
(SEM) to micro-meter scale microscopes, profilometers, 

and scanners. The structure of the present review paper 
uses morphology indicators that are obtained from surface 
examination tools for evaluating investigation parameters 
that are reported in the literature papers. Initially, the influ-
ence of SLM process parameters was discussed followed by 
various techniques to enhance and control the surface mor-
phology. In the end, relationship between surface and vari-
ous characteristic mechanical behaviours was established.

Table 1  (continued)
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2  Process parameter–induced variations 
in surface morphology

Despite its many advantages, manufacturing with SLM 
has various challenges that directly affect the quality of the 
product and surface in particular. In order to overcome the 
reduced surface quality and other material defects such as 
pores, voids, and cracks, processing parameters have been 
extensively investigated in the past. The effects of laser 
power, scanning speed, scanning strategies, and geometric 
parameters are the prominent factors affecting the surface 
morphology of as-build SLM products. The SLM opera-
tional parameters affecting surface morphology are listed 
in Table 2 with literature instances and their general effects.

2.1  Influence of laser parameters

Being one of the promising additive manufacturing methods, 
SLM has paved the way for increased automation in manu-
facturing industries for producing complex parts [86–88]. 
Complexity can be solved by the application of SLM with 
high density and accuracy using the point-by-point produc-
tion method; however, this somehow brings faults in mate-
rial structure, and eventually on the surface. For desired sur-
face morphology, continuous melting and densification need 
to be obtained during creating layers of a part. The laser 
beam used for melting of powders is set to a level of power 
and speed, which influences the densification behaviour and 
the area and depth of the melt pool. As a microstructural 
characteristic, surface morphology is essentially determined 
by laser power and laser scanning speed at the beginning of 
the building of the product. In addition, the contact angle, 
contact zone, and track width of the laser beam need to be 
optimized. Accurate selection of laser parameters enables 
fabricating fully dense parts from core to edge on s specific 
track. Otherwise, unstable contact conditions lead to unde-
sired geometry, surface defects, spatters, and reduced surface 

quality. Nevertheless, it is noteworthy that parts fabricated 
by SLM sometimes needs additional surface finishing opera-
tions [26].

2.1.1  Influence of laser power

Laser power directly affects the input energy and hence 
responsible for the melting and densification phenomena. 
According to Zhao et al. [56], laser power has a great impact 
on the determination of the size of the melt pool in terms 
of width and depth. Melt pool dimensions, in turn, controls 
the material microstructure, porosity, and density. Also, 
material discontinuity shows itself with surface defects and 
is created by incomplete melting or early densification. In 
[54], the authors highlighted that poor forming performance 
is obtained with lower power input. Recently, considerable 
numbers of investigations have been focused on the influ-
ence of laser power. Liu et al. [48] presented a study based 
on the investigation of laser energy input for determining the 
effects of laser power on surface roughness and hardness by 
response surface methodology. According to the analysis 
of variance results, laser power has a high and fluctuating 
effect on surface roughness. On the other hand, laser power 
influence hardness negatively. According to Sing et al. [49], 
the melt pool area is highly influenced by laser power in the 
horizontal dimensions. High laser power comprises a stable 
melt pool which results in improved surface quality. Also, 
high laser power increases microhardness, which is related 
to lower porosity and its intensifier effect of strength. Lin 
et al. [27] indicated that when laser power is low, insuf-
ficient fusion of powders lead to irregular surface texture 
with increasing surface roughness. It was stated from the 
previous studies [53] that increasing laser power directly 
related to the increased energy transfer in to the powder bed, 
facilitating fusion mechanism and densification. However, 
it is also stated that excessive power may cause cracks and 
delamination. In [89], it is stated that a larger melt pool and 

Fig. 3  Surface morphology 
representative parameters and 
measurements
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smaller shaped pores can be obtained with increasing power 
and energy input. Besides, pores increase with high power 
resulting in lower density in the material structure. Accord-
ing to Dursun et al. [47], low laser power may result in a 
lack of energy density, and with higher laser power, smooth 
tracks can be created, reducing surface roughness. Sun et al. 
[28] researched the effect of laser power and indicated that 
increased laser power accelerates the degree of melting and 
enhances the error rate in the building direction of the part. 
Cherry et al. [36] worked on surface roughness, hardness 
and porosity in order to research the effect of laser power. 
According to the authors, optimum results can be achieved 
laser power optimum level. Yang et al. [50] found that high 
power produces a more smooth surface. Kang et al. [24] 
demonstrated that high laser power enhances relative den-
sity, and over a range of laser power values, porous structure 
and balling effect are observed. Liverani et al. [30] stated 
that increasing power level increases material density, which 
is an indicator of reduced defect and porosity, and increased 
surface morphology. It can be concluded that according to 
the other influencer parameters, applied power range can 
either affect surface morphology favourably or adversely. It 
is needed to determine optimal laser power value specifically 
to the operation and material, for obtaining improved relative 
density, surface roughness, hardness, and minimum defects. 
Laser power determines the amount of focused energy into 
an area and affects further events such as melting, bonding 
and solidification. Viewed literature papers generally sug-
gest higher laser powers for better surface morphology and 
quality. However, feasibility and cost aspects of such propo-
sitions are seldom addressed. Since laser power cannot be 
regarded as the only parameter and its effects in combination 
with other SLM parameters are still not very clear, there is 
still need for parametric investigations for generalization.

2.1.2  Influence of laser scanning speed

Starting from initialization of a SLM operation, the laser 
scans an area that is melted with laser power, and the laser 
speed determines the time for which the laser stays at a point 
[90]. Basically, solidification process at a targeted area with 
molten pool has not ended yet affects neighbouring pow-
ders and previous tracks depending on the scanning speed. 
Unlike the laser power, which determines the energy trans-
ferred to the target area, scan speed determines the energy 
transfer to the proximity of the target area. The shape of 
the molten pool transforms from spherical to slender with 
lower scanning speeds. [50]. Intrinsically, SLM mechanisms 
cannot maintain scan speeds when changing track direction. 
When scan speed becomes relatively lower during direction 
changes, low scan speed leads to surface tracks with more 
roughness. There are several works in the literature dedi-
cated to SLM laser scan speed. In [48], a critical scan speed 

is given. Below that value, surface quality drops signifi-
cantly. In addition, scanning speed is found as the primary 
factor and reported to affect the hardness positively. Sing 
et al. [49] indicated laser speed as one of the influential fac-
tor for horizontal scanning. The authors state that decreas-
ing scanning speed creates scan tracks and increases surface 
roughness. They also detected that lower scan speed results 
in increased microhardness leading to higher strength. Dur-
sun et al. [47] demonstrated that large holes and voids are 
seen on the surface with increasing scanning speed. Sun 
et al. [28] reported that applying lower scanning speeds cre-
ates a completely dense structure under the surface but at 
higher speeds; unmelted powder leads to disordered texture 
and comprises balling effect. On the other hand, lower scan-
ning speed produces a high dimensional error, reducing the 
part quality in a significant manner. It is referred from [24] 
that relative density is not changed with increasing scanning 
speed. The authors also suggest that porosity increases, and 
surface morphology deteriorates due to the partially melted 
particles. In [31], it is found that high scanning speed with 
low power produces balling and cracking, distortions and 
irregularities. Scanning speed identifies the focusing time 
of the laser beam to a particular zone, and it influences the 
melted pool size, joining mechanism, and surface charac-
teristics together with the laser power. Excessive or defi-
cient penetration resulting from inappropriate speed is seen 
to result in defects and insufficient fusion in the material 
according to the literature. Laser scan speed and laser power 
are the two fundamental SLM parameters for surface mor-
phology of the products. They are projected to be investi-
gated in the future considering different alloys and different 
application fields.

2.2  Influence of scanning parameters

The parts produced with SLM require a strategic plan to 
reach the final shape with good mechanical properties and 
surface characteristics [91]. The main consideration is to 
obtain high relative density determined by scanning param-
eters such as pattern, hatch spacing, layer rotation angle, 
and scan vector length. These factors influence bonding 
types of the powders and related material structures, which 
directly affect material and surface quality. The chemical 
reaction between powder particles is triggered and acceler-
ated with applied laser power which transforms radiation to 
heat energy and increase temperature of the powders leading 
to bonding. Therefore, there is a need to identify the start-
ing point, edge of the melt pool, surface of the part and scan 
direction for building operation. In addition to the produc-
tion process, the interactions between in situ parameters have 
great importance on the arrangement of powders; melt pool, 
temperature development, and solidification time in the field. 
Correct scanning parameter selections enable acceptable 
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residual stress profiles [92]. Since the temperature gradient 
mechanism and cool-down phase act in the first place on 
residual stress formation, they can be optimized altogether 
[93]. Scanning parameters are evaluated in three subtitles.

2.2.1  Influence of scanning pattern

Among others, scanning pattern is the most investigated 
scanning parameter by the researchers in the field. Con-
sidering numerously reported scanning pattern strategies, 
Fig. 4 summarizes prominently published examples. Each 
scanning strategy is tried to be mentioned with its respected 
citation by the recent literature works in this section. The 
scanning pattern significantly influences residual stresses 
because of the applied laser beam alignment from begin-
ning to end. Residual stresses impact the ultimate strength, 
structural integrity, isotropic material density, and perfor-
mance during the utilization of a product. Also, increasing 
residual stresses enhance the pores and voids on the surface. 
Moreover, it also leads to premature cracking, delamination, 
and other structural defects even during the fabrication pro-
cess. Eventually, scanning pattern determines the surface 
profiles at the final layer. One of the important side effects 
of scanning patterns is the overlap region which may change 
the structure of generated lines and surfaces. For compar-
ing the overlap region, Almangour et al. [69] found that 
cross-hatched strategies provide the highest densification. 
In literature, zigzag, spiral in, spiral out [68]; perimeter first, 
edge to edge [70]; the island [32]; meander [67]; successive 
chessboard, most minor heat influence, and successive [66]; 
line [65]; horizontal [64], unidirectional and alternate [62]; 
and bidirectional [63] scanning strategies have been identi-
fied and applied to different types of powders for improved 
surface characteristics. The findings from previous literature 
can be explained as a successive strategy provides minimum 
scanning time. The successive chessboard enables to obtain 
minimum residual stress compared to least heat influence 

[66]. Fractal strategies developed for better material prop-
erties than conventional island strategy [32]. A consensus 
has been reached considering the open literature that main 
importance of the scanning pattern is the effect on residual 
stress. Residual stresses are effective on surface morphol-
ogy and quality, especially on surface profiles, and therefore, 
changing pattern is regarded as an important parameter on 
the subject of the present review.

In order to determine the scanning time, it is important 
to study the hatch spacing parameter defined as the dis-
tance between two neighbouring tracks. The representa-
tion of hatch spacing is shown in Fig. 1. The applied laser 
beam increases energy density at the determined area, and 
hatch spacing becomes extremely important as it affects the 
overlapping region and the proximity of the track. Scan-
ning vectors need to be determined whether overlapping is 
desired. It is stated from [61] that when hatch spacing is 
used as doubled, the overlap is also obtained as doubled. 
It is also reported that melt pool width is not affected by 
hatch spacing which means partial remelting of the previous 
track. The most important effect of the hatch spacing is the 
energy density, and it shows an increasing trend with higher 
hatch spacing values. Also, with increasing of hatch spacing, 
hardness value demonstrates decreasing behaviour, accord-
ing to the authors. Li et al. [23] worked on the densification 
behaviour and surface roughness considering laser param-
eters and hatch spacing. It is reported that narrower hatch 
spacing provides a smoother surface and higher densification 
along with a series of the parameter. Hu et al. [60] high-
lighted that hatch spacing depends on scanning speed and 
affects microhardness. Hatch spacing shows the fluctuating 
effect on density varying with scanning speed. Huang et al. 
[59] found that shorter hatch spacing produces lower tem-
perature gradient and higher temperature, affecting residual 
stress and surface morphology inevitably. Dong et al. [58] 
investigated the hatch spacing effect on a variety of param-
eters. It is indicated that with increasing of hatch spacing, 

Fig. 4  Scanning pattern strate-
gies
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the width of the melt pool decreases, and with an optimized 
hatch spacing value, the fully dense part can be produced. 
The review of the literature shows that discriminating hatch 
spacing from scanning parameters is scarcely conducted, 
especially in respect of surface morphology. Therefore, more 
work on the topic is anticipated for better understanding its 
effect on surface morphology.

2.2.2  Influence of layer rotation angle

The layer rotation angle can be defined as the laser beam 
angle between two subsequent scanning operations of layers. 
The basic effect of this parameter is overlapping phenom-
ena due to the influence of rotation angle on the metallic 
bindings of powders. Therefore, bonds between particles 
are identified, whether strong and containing voids or pores. 
Most of the rotation angle examples are examined in detail 
in the past, such as 0° rotating angle [75], 67° rotating angle 
[76], 45° rotating angle [64], 15° rotating angle, and 90° 
rotating angle [65]. Wang et al. [74] found that the metal-
lurgical bonding forces between layers significantly affect 
it. This is about the filling ability of/about the pores with 
liquid metal, and good overlap can be achieved. According 
to Gupta et al. [75], residual stress and surface roughness are 
reduced with the increase of layer rotation angle. Also, they 
stated that a direct proportion exists with layer rotation angle 
between relative density and micro-hardness. Accordingly, 
the literature review demonstrates a correlation between 
layer rotation angle parameter and surface morphology 
indicators. Higher angle values produce low porosity, better 
powder bonding and thus resulting in good material proper-
ties. Scanning strategies have hardly affected the molten pool 
size, 15° rotate strategy generates lowest stress between line 
and 90° rotating [65]. A 45° rotate strategy is over in terms 
of the capability of reducing residual stress compared to 
horizontal and out-in strategies [64]. Most of the works in 
literature, reporting the effects of layer rotation, lack evalua-
tion of its feasibility in terms of cost factors and modification 
requirement in SLM setups. Therefore, it is detected that 
there is an information necessity on the feasibility of layer 
rotation angle applications.

2.2.3  Influence of scan vector length

The scan vector length is the laser beam travel distance in 
producing a line during manufacturing a part with SLM. It 
can be an intrinsic part of the produced geometry. However, 
scan vector can be adjusted by means of scan pattern. Scan 
vector length influences the temperature and longitudinal 
stress and is measured in terms of the magnitude of the 
vector. In general, the detection of the effect of scan vector 
length and direction is carried out with monitoring of the 
thermal history of the surface. Besides, measurable thermal 

gradient increases deposited stress on the surface, creating 
an anisotropic stress distribution and nonuniform structure 
on the surface [62]. Kruth et al. stated that the decrease of 
scan vector length reduces stress [94]. In addition, the appli-
cation of different scanning vector directions may result in 
reduced stress [64]. In [79], it is found that the other scan 
strategy parameters have less influence on longitudinal stress 
when scan vector length is over 3 mm. It is decided from 
[78] that 4–6 mm of scan length is more proper for thin-wall 
parts in order to decrease shrinkage to approximately zero. 
Scan length is found as responsible for second peak tempera-
ture. Among other scanning parameters, the vector length 
effect was remarked rarely in the past. However, it can be 
concluded that when considering the residual stress effect on 
surface morphology, further research is needed to perform.

2.3  Influence of geometric parameters

One of the most influential parameters on surface quality 
of SLM products is the geometric [95]. Geometric param-
eters and properties can be discussed under two topics, i.e. 
layer thickness and surface orientation. In addition to good 
mechanical properties, surface finish and geometric accu-
racy are the most covetable requirements [96]. The nature 
of the SLM method is formation layer by layer formation. 
This gradual production and its thickness greatly affect the 
surface quality of the materials [97]. Also, geometric param-
eters have a significant impact on the mechanical properties 
depending on the stress distribution. If appropriate geomet-
ric parameters are used, the shrinkage mechanism can be 
restricted by the solidified layers and can cause large residual 
stresses. The occurrence of residual stress triggers the devia-
tion of the thickness of final products and surface profiles 
[98].

2.3.1  Influence of layer thickness

The layer thickness is also an important parameter control-
ling the surface morphology, as shown in Fig. 1. There is 
a direct relationship between the densification character of 
the parts and the layer thickness [99]. It is reported that the 
density of the parts depends on the layer thickness. If the 
layer thickness is selected as the maximum possible value, 
the melting and consolidation mechanism between layers 
is insufficient, and it decreases density [100]. Layer thick-
ness can greatly influence mechanical properties such as 
hardness, tensile stress, and elongation [81]. As it is shown 
in the decrease of density, high layer thickness reduces the 
mechanical properties due to poor bonding quality [101]. 
Yadroitsev and Smurov [80] conducted a study investigat-
ing the relationships between the layer thickness (from 40 to 
80 μm) and surface morphology of the parts manufactured 
from stainless steel 316L powder. The work reveals that 
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pores become large, regular, oriented, elongated, and per-
pendicular to the sintering direction if the layer thickness is 
increased. However, minimal layer thickness causes smooth 
surfaces owing to fine structure of the sintered trucks. Sava-
lani and Pizarro [81] reported a study that investigates the 
effects of layer thickness in SLM of magnesium. The layer 
thickness was decided as 150–300 μm. One of the reasons 
behind the oxidation mechanism of magnesium products is 
given as the layer thickness. It is mentioned that the amount 
of oxidation decreases by approximately 25% as the layer 
thickness increases. This oxidation–reduction can stem from 
gradually heating and a lower degree of evaporation. When 
it comes to surface morphology, while the parts between 
150 and 250 μm of layer thickness show flatter surfaces, 
irregular pores and voids are observed at other parts (higher 
than 250 μm). Also, surface roughness values (Ra) go up 
starting from 23 to 29 μm based on layer thickness increase 
values. In another study [102], Inconel powders are used 
in SLM method, and effects of layer thickness were deter-
mined. Similar to other studies, it is revealed that lower layer 
thickness values lead to parts, which have good dimensional 
accuracy and density. In addition, surface roughness (Ra) 
varies from 3.5 to 12.3 as the layer thickness goes up from 
20 to 50 μm. The layer thickness reduces operational time 
and cost. However, several surface problems occur due to 
increased layer thickness, as stated by the literature. The 
topic is convenient for optimization approaches and tech-
niques in respect of surface quality and operational costs.

2.3.2  Influence of surface orientation

Built orientation is another key element that affects the sur-
face morphology and surface roughness of SLM parts. The 
demonstration of different surface orientations is shown in 

Fig. 5. Weissmann et al. [82] reported a study investigating 
the effects of geometric orientation (0°, 45°, 90°) of tita-
nium-based SLM parts. The surface roughness values reveal 
that the orientation has a great impact on surface quality 
since the Ra values increase from 1.33 (0°) to 9.83 (90°) μm. 
Other studies reported that Ra increases from 8 to 14 μm 
(0–90° orientation) and 8 to 30 μm (0–90° orientation) 
[103]. The differences between the surface roughness values 
can stem from shear force which occur temperature gradient 
between solidifying zones. Due to short consolidation time, 
there is residual rippling on the surface, and it is shown that 
this condition can be accepted as one of the main drawbacks 
of this production method [84]. The authors reported surface 
values of lateral and top surfaces as 28.587 and 6.384 μm 
respectively. In another work, the built orientation affects 
the mechanical properties and fracture modes as well as the 
surface roughness. However, the differences between elastic 
modulus and tensile strengths of different oriented parts are 
not as high as surface roughness values [85]. According to 
the conducted literature survey, more building orientation 
works for different alloys seem to be necessary, especially 
in terms of surface morphology.

2.3.3  Support structure

As an integral part of the SLM method, support structures 
exist before the final product. Removal of those structures 
may have surface quality effects. There is a dedicated review 
on support structures dealing with costs related to the sup-
port materials and limited number of available works [104]. 
According to the literature review, a few gaps have been 
identified. The most important gap is said to be the lack of 
a comprehensive method that can significantly reduce the 
support material while maintaining the mechanical strength 

Fig. 5  Demonstration of differ-
ent surface orientation
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and good surface finish quality. The authors stress the need 
for developing innovative and creative methods that can 
largely minimize or even achieve zero-support for AM. As 
a final remark, they recommended topology optimization 
techniques adapted by additive manufacturing methods. 
Günaydın et al. [105] discusses the impact of build orien-
tation on various factors in additive manufacturing, such 
as part quality, waste amount, production time, and cost. 
The study presented uses a multi-objective optimization 
approach with non-dominated sorting genetic algorithm-II 
to simultaneously optimize different objectives, including 
the amount of support structure and build time. The devel-
oped approach minimizes support structure volume and 
build time, improving the accessibility and sustainability 
of the powder bed fusion process. Support structures are 
also called as lattice structures [106]. For instance, in the 
cited paper, lattice structure optimization was conducted on 
a suspension arm to reduce fuel consumption and improve 
balance in automobiles. Topology optimization was first 
conducted on the suspension arm to form the model, which 
was then filled with a lattice structure and re-optimized by 
size optimization. The results of the study demonstrated 
the effectiveness of using lattice structural optimization in 
the design of vehicle elements, as it produced more reliable 
designs than topology optimization alone, and the configu-
ration and layout of the cellular structures had a significant 
impact on the overall performance of the lattice structure.

As a final remark on the second section, the authors of 
the present paper would like to stress out that aforemen-
tioned operational parameters of SLM are evaluated by their 
isolated effects. However, as a general rule of engineering, 
there may be multiple parameter correlations. For instance, 
lased power and scanning speed should have a double cor-
relation. Since laser power at a fixed point would only reach 
steady state by heat transfer balance with environment 
through radiation, convection and conduction, the heat 
transfer rate would be lower with passing time in a transient 
regime. Therefore, scanning speed uses and determines to 
which extend the heat transfer rate is realized. As a conse-
quence, it is recommended to study multiple correlations of 
the SLM parameters by future works.

3  Surface morphology enhancement 
of SLMed metallic alloys

Means for improving the surface quality of SLMed metallic 
alloys can be divided into three groups, i.e. pre-treatment, 
post-treatment, and surface machining. Before and during 
SLM, preparations focus on physical properties depending 
on temperature and heat transfer mechanisms and process 
environment. Post-treatment and surface machining are both 
actually post-processes, but the former one uses heat effects 

mostly. Three groups of treatment approaches are identified 
for the review, as schematically indicated in Fig. 2. Below, 
these three groups of approaches and methods are given 
with literature examples. Pre- and post-treatments are also 
reviewed by Mugwagwa et al. [107] in terms of reducing 
residual stresses.

3.1  In situ surface improvement techniques

Surface improvement can be achieved by means prior to or 
in situ SLM. Heating base plate and powders or re-scanning 
can be applied to improve surface quality. However, in order 
to decide proper means and precautions, one may utilize 
other parameters such as the importance of vertical planes, 
surface roughness prediction, and simultaneous measure-
ment scanning. Yang et al. [50] focused on vertical planes 
and their implications on surface roughness. The authors 
emphasized a contrary behaviour of vertical surface rough-
ness. Adhering particles and droplets appear as a problem 
for vertical orientation. To determine which precautions 
are needed before the SLM process and during the SLM 
process also necessitate predicting potential surface rough-
ness values and surface morphologies. Martin et al. [108] 
report in situ X-ray imaging during SLM processing. They 
were able to monitor evaporation dynamics simultaneously 
by the process. Their X-ray imaging technique has ultra-
high speeds for coping with the dynamic mechanisms of 
the SLM. They reveal vapour depression oscillations. Pores 
are identified in the proximity of vapour-filled depression 
bases. Boschetto et al. [109] modelled surface roughness of 
AlSi10Mg SLMed component. They predict surface rough-
ness after inputting local part geometry as an independent 
parameter. The staircase effect is accounted for by horizontal 
and vertical profiles. Still, the model is said to be improved 
for complex geometries. Vertical surfaces are also empha-
sized in terms of balling effects.

Surface improvement should also consider the powder 
morphology and topography since heating base plate and 
powders have thermal parameters to be previously deter-
mined. Powder oxygen content is another parameter that 
affects surface morphology. Protective atmosphere precau-
tions for SLM processes are contributing and supporting 
previous thermal operations and re-scanning scenarios. Fer-
rar et al. [110] investigated several inert gas flow scenarios 
by numerical analyses. They managed to reduce porosity 
by 1.7% due to improved gas flow. Although the compu-
tational fluid dynamic side of the work can be regarded as 
weak, the authors overcame this issue with iterative ses-
sions, after which they produced gas flow apparatus (rail) 
and tested it experimentally. The authors emphasized the 
importance of gas flow uniformity. One of the essential 
parameters on the surface morphology of SLMed compo-
nents is metal vaporization. Dai and Gu [111] investigated 
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different protective atmospheres in terms of metal vaporiza-
tion and, accordingly, surface quality. They used a compre-
hensive numerical model considering various mechanisms, 
including heat transfer, fluid flow, radiation, and keyhole 
formation. Investigated protective atmospheres are He, Ar, 
and  N2. Each one of them resulted in characteristic surface 
features. The authors explained that heat conduction deter-
mines the depth of the pool, while metal evaporation leads to 
resultant recoil pressure. Ar protective atmosphere provides 
a stabilization effect on keyhole molten pool fluctuation. Ar 
protective atmosphere is also found better in terms of sur-
face quality. The authors used Fluent CFD for the numerical 
investigation. Calta et al. [112] investigated the effects of 
a protective atmosphere by its pressure and composition. 
Combining with low energy density, protective atmosphere 
pressure significantly changes surface morphology. They 
defined a vapour depression aspect ratio to describe changes. 
The authors emphasized the boiling temperature of the metal 
that constitutes melt pool surface temperature, characteriz-
ing surface tension and, accordingly, surface quality. They 
also stressed oxygen partial pressure value. There is also 
a more recent paper focusing on effect of process atmos-
phere pressure [113]. Authors utilized numerical methods 
at powder scale, enabling them to isolate other parameters 
and focus on sub-atmospheric pressures. Their main out-
come is related to keyhole mechanism. As an interesting 
finding, authors claim that this option increase the stability 
of keyholes. Cooke et al. [114] present a good review arti-
cle on the broad perspective of metal additive manufactur-
ing and in situ monitoring is given properly with sufficient 
examples. Le Dantec et al. [115] explain that balling can 
occur if the initial oxygen content of powders to be melted 
by laser is above 0.1 wt%. Authors used in situ imaging for 
different oxygen content Si powders and investigated tracks 
after melting. Therefore, powder oxygen content should be 
inspected and subjected to treatment prior to SLM.

3.1.1  Influence of base plate preheating

Base plate heating is a good way of in situ operation for 
reducing residual stresses and their derivative disadvantages. 
Heat is transferred through the base plate to the powder bed, 
decreasing temperature gradients, and reducing laser density 
need. However, melt pool size may increase since heat dis-
sipation towards outside of the melt pool would decrease. 
Mertens et al. [116] investigated base plate heating for 4 
different materials, i.e. aluminium 7075 alloy, Hastelloy 
X, H13 tool steel, and CoCr. Base plate heating is found 
advantageous though its effect is said to be weaker compar-
ing to laser parameters. Optical microscope comparison of 
top and side surfaces reveals great improvement in crack 
patterns and densification. Same base plate heating resulted 
differently for different materials as expected. The authors 

stressed the phase transformation temperature limit for 
microstructural changes, but they also note that texture can 
still improve even with higher transformation temperatures.

Borisov et  al. [117] focused on base plate heating 
for SLM building of super alloy Inconel 718 in order to 
increase production speed. Great heating temperatures are 
visible in the study up to 900 °C. This temperature of 900 °C 
base plate heating contributes to the reduction of porosity. 
Geenen et al. [118] investigate effects on two different base 
plate heating temperatures on porosity and crack density of 
SLMed M3:2 high-speed steel. Actually, the authors also 
compared samples with two other manufacturing techniques, 
but figures and evaluations specific to base plate heating of 
SLM appear distinctively. 200 and 300 °C base plate heating 
temperatures are tested. Low crack and porosity densities are 
stated to be obtained. Also, some in some instance, cracks 
are avoided completely by the base plate heating.

3.1.2  Influence of powder preheating

Powder temperatures close to ambient temperature neces-
sitate certain laser energy density (ED) and increases tem-
perature gradients between melt pool and surrounding pow-
der. Therefore, powder preheating may increase production 
speed and decrease residual stresses. X40CrMoV5-1 steel 
powder pre-heating is reported by Krell et al. [119]. They 
subjected powders to five cycles in total. They determined 
powder densification. The authors tried to achieve the best 
powder flowability before pre-heating. The microstructure is 
not affected by pre-heating, but porosity and crack densities 
show improvement. Tillmann et al. [120] attributed surface 
tribological behaviour due to austenite content to 200 °C 
pre-heating. Sochalski-Kolbus et al. [121] state that powder 
pre-heating, which is an intrinsic part of their electron beam 
melting, discriminates samples from SLMed samples due to 
smaller residual stress values, which in turn improves sur-
face quality. Doubenskaia et al. [122] also heated powders. 
Powder preheating is explained as lowering residual stresses. 
Together with manufacturing environment preheating, pow-
der preheating resulted in a homogenous micro-hardness 
at the surface. However, surface cracks and porosity seem 
unaffected. The leading cause of porosity is determined as 
evaporating aluminium in the alloy. Rombouts et al. [123] 
explain that powder preheating in combination with small 
scan spacing reduces spherical gas inclusion in iron based 
SLMed components. Authors preheated Fe–C powders and 
also found positive effects on density. Powder preheating 
becomes a necessity where meting point of the material or 
alloy and temperature resistance are relatively high, and 
thermal conductivity is low. An exceptional instance to this 
paper is SLM ceramic case, which can be regarded as an 
exemplifying instance to the phenomenon (Fig. 6) [124]. 
Extreme powder preheating temperatures are apparent in 
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the work of the authors. The powder preheating treatment 
reduces crack formation and prohibits propagation of the 
cracks. This also leads to higher sample densities. There-
fore, authors regard powder preheating as the only effective 
tool for the low thermal conductivity and high melting point 
case.

Domashenkov et al. [125] applied 600 °C preheating to 
NiTi powder in order to reduce thermal gradients. However, 
powder preheating triggers high-temperature oxidation and 
increases the cracking of the re-melted powder. Li et al. 
[126] report the insignificant effect of powder preheating for 
TiN reinforced Al12Si in terms of relative density compared 
with the effect of laser focus. An exciting and rare work 
reveals the energy consumption aspect of powder preheat-
ing [127]. Authors claim that up to 40% of the total energy 
consumption of SLM can be due to powder preheating. 
Although a portion of that energy can be attributed to base 

plate heating, a considerable portion belongs to the powder 
preheating. Especially pre-scanning not only contributes to 
energy cost but also increase the production time. Authors 
utilized numerical analysis by finite elements method. 
Another important condition that is given by the authors 
is that preheating strategy should be selected according to 
SLMed part number since low numbers may be done best 
with laser pre-scanning while high numbers make ambient 
heating favourable. Surface distortion is reduced about 45% 
and relative density is increased about 3% by preheating 
Ti6Al4V powder up to 550 °C in the study of Malý et al. 
[128]. The authors warn that powder preheating degrades 
chemical status by excess hydrogen and oxygen content 
which in turn pose a limit for its usage in some applica-
tions. On the other hand, Mertens et al. [129] tried four dif-
ferent powder bed preheating from 100 to 400 °C for H13 
tool steel, and they reported a stress conversion on the top 

Fig. 6  An exceptional ceramic 
SLM example in order to 
emphasize effect of powder 
preheating on densification and 
crack avoidance [124]
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surface from compressive to tensile. Alongside with better 
mechanical properties due to powder preheating, the authors 
do not state any adverse effects.

3.1.3  Influence of in situ re‑scanning

Re-scanning is a good strategy to relieve residual stresses 
and improve surface quality. However, it may increase pro-
duction time and costs. Also, re-scanning parameters should 
be carefully determined in order to prevent adverse effects. 
Additionally, re-melting a solid layer may lead to faster cool-
ing and therefore crack formations. Pal et al. [8] compared 
SLMed  Ti6Al4V samples with samples that are subjected 
to re-scanning. The re-scanning was realized by applying a 
low-density laser and consequently re-scanning with proper 
laser power again. While authors stressed the unpredict-
ability of surface morphology due to many laser processing 
parameters, significant changes are reported. They applied 
different laser processing combinations for re-scanning and 
detected very different surface morphology results. One of 
the major problems that are associated with re-scanning 
is the balling effect on vertical surfaces. Adhered powder 
particles are visible and numerous in vertical surface mor-
phology. Nevertheless, re-scanned top surface defects have 
similarities with single SLM scans, i.e. pores, spherical spat-
tered particles, and stacked materials. Again, the two main 
creator factors of defects due to re-scanning seem to be low 
laser ED and high scanning speeds. Yasa et al. [130] inves-
tigated re-scanning in order to improve the surface quality 
of SLM. An excellent surface improvement on the horizon-
tal upper surface is visible by relatively slow re-scanning. 
The authors also claim that re-scanning increases surface 
density or shell density. Another interesting point that is 
addressed by the authors is the easier machining possibility 
of re-scanned surfaces. Griffiths et al. [131] evaluate their 
re-scanning strategy considering the work of Yasa et al. 

[130] in terms of surface smoothing and changed melt pool 
shape due to the re-melting. The authors explain that colum-
nar grains are replaced with equiaxed grains after third re-
melting since the second re-scan leads to smoother surfaces 
which in turn reduces absorptivity and hence leads to shal-
lower pools (Fig. 7). A comprehensive review of Aboulkhair 
et al. [132] gives an illustrative example of scanning strate-
gies. Pre-sintering with a low ED laser and subsequent re-
scanning seems to give the best surface results. Xiao et al. 
[133] investigated multiple re-scanning and stated that rela-
tive density first increases and then decreases by increasing 
the number of re-scans. However, the study lacks in terms 
of surface metrics. A different re-scan strategy with apply-
ing high ED laser first and then re-scan with low ED laser 
in order to relieve high residual stresses by Li et al. [134]. 
The authors stressed a good surface finish in the absence of 
macro-cracks.

Chen et al. [88] mark overlap regions of scanning as a 
way of re-scan for residual stress reduction. However, the 
authors state that this strategy is inversely affecting if too 
much overlapping is done. This adverse effect of overlapping 
after the limit value is attributed to the reducing pre-heating 
effect of the scanning for the next hatch. The authors also 
tried vertical re-scanning with a short scanning length to 
reduce residual stresses further. It should be noted that the 
authors utilized numerical analysis. Ali et al. [73] reported 
adverse effects of re-scanning on Ti6Al4V SLMed alloys. 
Authors tried varying re-scan laser density and exposure 
times; however, residual stresses are not reduced signifi-
cantly, and more porosity is observed. According to re-
scanning, a major study about surface evaluation of SLMed 
AlSi10Mg is reported by Yu et al. [4]. Authors focus on the 
surface roughness of vertical and horizontal surfaces and 
also evaluate pore structures. They managed to reduce sur-
face roughness twofold by re-scanning. However, re-scan-
ning increased the surface roughness of the side surfaces. 

Fig. 7  Modification of the melt 
pool by re-scanning [131]
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They explain pore-creating mechanisms. Re-scanning is 
emphasized significantly reducing irregular pores that are 
mostly due to lack of fusion. As a major conclusion, they 
recommend same re-scan direction with the first scan in 
order to reduce pores at the track sides since the same direc-
tion scan and opposite direction scan result in almost the 
same pore improvement at central locations on the track. 
Miao et al. [135] used experimental and numerical means to 
analyse the effects of three different re-scanning strategies 
on Ti6Al4V. Authors’ detected residual stress are reduced 
from 322 to 254 MPa. Optic microscope results of the work 
also show differences in single and re-scanned surfaces.

3.2  Post‑processing techniques

Post-processing of SLMed parts mainly focuses on heat 
treatment. However, there are methods relying on differ-
ent physics for better surface morphology and quality. Heat 
treatment does not seem directly related to the surface. 
Maleki et al. [136] propose three groups, i.e. “no material 
removing (NMR)”, “coating”, and “hybrids”. It is also worth 
mentioning that the authors’ paper is a good and organized 
reference for post-processing techniques. However, the 
authors consider all metal additive manufacturing (AM) 
methods. NMR includes rolling, bead blasting, shot and 
cavitation peening, ultrasonic nano-crystal surface modifi-
cation under mechanical approaches. There are also laser-
based approaches that consist of laser shock peening, laser 
re-melting, and laser polishing. Several coating strategies 
can be listed as electro-spark deposition, electro-phoretic 
deposition, hydroxyapatite coating, anodizing, and plasma 
electrolytic oxidation. Hybrid approaches combine coating, 
heat, and mechanic methods. Polishing is excluded from 
machining and regarded as a “quasi”-no material remov-
ing method. In that case, there are polishing options such 
as mechanical, magnetically driven abrasive, hydrody-
namic cavitation abrasive, and ultrasonic cavitation abra-
sive polishing methods [136]. Selecting the proper method 
depends mostly on the material and the application that the 
SLMed part is to be used. However, it can be easily stated 
that surface roughness is greatly reduced (up to tenfold) by 
polishing. If the surface is convenient in terms of plastic 
deformation, mechanical means are used to shape the sur-
face. Also, the thickness of the SLMed part is favourably 
modified. However, perpendicular surfaces may be nega-
tively affected. Mechanical abrasion can remove surface 
oxides and contaminants. Shot peening and bead blasting 
can be given as examples. Shot peening and bead blasting 
can also increase surface hardness. However, the shot peen-
ing method may lead to rougher surfaces than bead blasting. 
If shot action and blasting solids are somehow undesired, 
cavitation can be utilized as a way of impacting the surface. 
The cavitation phenomenon is known as an instant forming 

and collapsing bubble in a fluid. The collapse of bubbles 
leads to an instant and dramatic increase in pressure acting 
on the local surface. Cavitation peening can also be com-
bined with a cavitation jet. Considering the impact effects of 
peening techniques, one should decide the proper one by the 
brittleness of the surface due to its material and mechanical 
properties. Although there are studies comparing peening 
techniques, the reasons and underlying physics for results 
are rarely apparent [136].

3.2.1  Influence of heat treatments

Lizzul et al. [137] used heat treatment before machining 
SLMed prisms in order to stabilize microstructure and 
reduce porosity and thermal stresses. An argon atmos-
phere was used for 30 min to apply 950 °C temperatures on 
Ti6Al4V SLMed parts. It is also worth noting that ramp-up 
time was 2.5 h. They used 20 bar argon flow for cooling. 
However, no direct implications of the heat treatment on 
the surface are stated. Cooke et al.’s [114] review reveals 
numerous works utilizing heat treatment as post-processing. 
However, there is no sign of a significant effect on surface 
roughness and morphology. Fifty percent of reviewed works 
about post-treatments of the authors’ are on heat treatment, 
and most of the improvements of SLMed parts are related to 
grain size and mechanical properties of subsurface structure. 
Alghamdi et al. [138] tried post-fabrication heat treatment 
with 1 h solution heat treatment at 520 °C for AlSi10Mg 
and then tried three different cooling strategies, namely 
water quenching, air cooling, and furnace cooling. How-
ever, texture and morphology results are mostly related to 
structures of columnar grains. Although Geenen et al. [118] 
have examinations on the surface for cracks and pores, they 
do not correlate their heat treatment with surface quality. 
The review of Aboulkhair et al. [132] also does not reveal 
any aspects of surface morphology relating to heat treat-
ments though numerous papers are reviewed in terms of heat 
treatment of SLMed aluminium alloys. Krell et al. [119] 
applied 1040 °C to X40CrMoV5-1 for 30 min and then 
applied oil quenching. After two hours of tempering fur-
nace and air cooling, the hardness of the material is stated 
to be positively affected. No direct information is given on 
surface morphology related to the heat treatments. Several 
other papers report heat treatments of SLMed parts [37, 85, 
139–141]; however, a significant relationship between sur-
face morphology has not been encountered.

3.2.2  Influence of peening techniques

Peening is a good alternative in post-processing of SLMed 
parts for good surface morphology properties if the SLMed 
part does not have a very complex and compact inter-
nal surface and does have properties adequate for plastic 
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deformation on the surface. Cooke et al. [114] mention 
peening in their review about metal AM. Authors denote 
peening as a relatively conventional method that can provide 
surface roughness reduction up to 30 μm. Residual stresses 
on SLMed AlSi10Mg are treated by using shot peening in 
the study of Salmi et al. [142]. Authors state that peening 
relieves high tensile stresses of as build parts as a post-pro-
cessing approach. The instrument is given as NORBLAST 
SD9 shot-peening machine. The machine uses 3 bar pres-
sure, zirconia beads having 200 μm diameters, and a 45° 
shot angle setup. Authors claim that shot-peening not only 
converts stress type but also provides uniformity. Benedetti 
et al. [143] combined shot-peening with tribofinishing in 
order to have good surface roughness and fatigue resistance. 
Authors propose shot-peening as a tool that provides not 
only improvement surface roughness but also an increase 
in fatigue resistance. A comparison between as build parts, 
shot-peening, and other two methods is given in Fig. 8. In 
the figure, tribofinishing, a technique that polishes the sur-
face by a bath of solid abrasive spherical particles, is also 
presented.

3.2.3  Influence of polishing techniques (electrochemical 
polishing, mechanical polishing)

Polishing is and old and well-known technique for surface 
morphology–related phenomena. A schematical representa-
tion of two different polishing approaches is given in Fig. 9. 

On the other hand, a state-of-the-art engineering possesses 
numerous polishing techniques different from conventional 
ones. A great example of chemical polishing is given by 
Soro et al. [144] on titanium lattices. Lattices are very com-
pact in terms of their surface area divided by their volume. 
This type of compactness and subsequent internal surfaces 
eliminate most of the polishing methods as being options. 
Chemical polishing is a great tool in such a condition, as it 
can be observed in the work of Soro et al. [144]. Three types 
of  Ti6Al4V lattice structures were subjected to chemical 
polishing. The authors investigated polishing time as they 
tried several different intervals. Powder residuals adhered 
to the surfaces was effectively removed, and stair shapes 
were eliminated. Soro et al. [144] are given in order to show 
their schematic chemical polishing technique and a result 
of it. However, it should be mentioned that chemical polish-
ing may lead to weakened struts after a certain amount of 
polishing time for especially Schwartz’s primitive geometry.

Cooke et al. [114] addressed electrolytic and laser polish-
ing methods for SLMed parts. Especially, electrolytic polish-
ing seems to be the only alternative to chemical polishing for 
SLMed parts with compact and complex internal structures 
such as lattices. Laser polishing provides flexibility since 
the laser can be applied with a lot of different axes. Cooke 
et al. [114] also stress that the Ar environment eliminates 
oxide formations when laser polishing is preferred. Zhang 
et al. [145] investigated the electropolishing mechanism of 
SLMed Ti6Al4V. Two electrolytes were used, i.e. glacial 

Fig. 8  a As build, b tribofin-
ished, c electropolished, and d 
shot-peened [143]
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acetic acid and perchloric acid. Their results in terms of 
surface morphology show that three types of oxides cover 
the surface containing vanadium, titanium, and aluminium 
oxides. That is, of course, expected due to the composition 
of the alloy. The authors recommend 15 min polishing time 
for the ideal surface quality. Additionally, increasing cor-
rosion resistance by prolonging polishing time is reported 
[145]. Benedetti et al. [143] also used electropolishing. 
However, the authors state that electropolishing may lead to 
crack initiation site under the surface due to the influence of 
the method through pores. Plasma electrolytic oxidation for 
bio functionalization of SLMed Ti6Al4V is reported by van 
Hengel et al. [146], that is a data article showing the time-
dependent change in surface morphology. Three images are 
given for 300 s with 200-, 500-, and 1000-fold scanning 
electron microscope (SEM) images are visible in that report.

3.3  Finishing with machining

Surface finishing of SLMed parts with relatively more con-
ventional methods has always been an option for better sur-
face morphology and quality. Especially external surfaces 

of SLMed parts are favourable in terms of conventional fin-
ishing. Therefore, this review subsection is held relatively 
short comparing to other parts of the paper. Nevertheless, 
there are on-going efforts for certain aspects of machin-
ing techniques towards SLMed parts. There are also newly 
emerging approaches that are to be introduced in this part. 
Relatively more bulk material removal is intended with 
machining, unlike polishing techniques. Nevertheless, the 
intrinsic structure of SLMed parts due to its layered shapes 
and micro-defects may lead to different effects on surfaces. 
Therefore, there are several papers on the surface investi-
gation of machined finishing of SLMed parts. The review 
of Maleki et al. [136] only mentions milling and grinding 
processes. They emphasize successful reduction of surface 
roughness and improvement of fatigue performance. Sur-
face machining has the role of decreasing residual tension 
stresses on the surface since some amount of material is 
removed from the surface. Surface roughness can be reduced 
at a rate of 90%, and fatigue strength improvement up to 50% 
is given as an example [136]. It is also noteworthy to state 
that there are different means of employing water jet and 
electrical discharges. Similar to other post-treating methods, 

Fig. 9  Polishing techniques 
used for SLMed parts
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machining induces additional time and money costs to SLM. 
Accordingly, decision-making on machining SLMed parts 
does depend on not only machining performance but also 
specifications and needs of the industrial application. On 
the other hand, surface metrics, especially surface profile, 
of machining have characteristic features such as ordered 
surface tracks and shapes. Yet, surface evaluations related to 
the machined surfaces are well established in the literature.

3.3.1  Influence of mechanical machining

Mechanical machining methods such as milling and grinding 
are favourable when relatively flatter external (top and sides) 
are considered. At geometrical conveniency available condi-
tions, conventional mechanical machining that has several 
elements, as are shown in Fig. 10, is very powerful and cost-
efficient. As mentioned, elements in Fig. 10 are discussed in 
the following, recent examples from the literature are cited. 
Lizzul et al. [137] investigated the interaction between the 
building orientation of SLMed samples with slot milling 
parameters in terms of surface topography. Authors provide 
3D surface topography graphics of milled surfaces. They 
identify adhered elemental chips, adhered micro-particles, 
and smeared feed marks on the milled surfaces. The material 
was Ti6Al4V. SLM-induced anisotropy is given as the main 
reason for surface defects after milling. Several parametric 
results are explained in detail by their interaction leading 
to the surface results. Yang et al. [147] also identify feed 
marks, smeared materials, and adhered particles on the sur-
face of milled SLMed Inconel 625. They correlated building 
orientation, scanning direction, and relative milling orienta-
tion for identified surface defects. High anisotropy of SLMed 
Ti6Al4V alloy is investigated in conjunction with milling for 

surface morphology by Ni et al. [148]. Authors also report 
better surface quality based on surface alignment and scan-
ning orientation. Khaliq et al. [149] studied micro-milling of 
SLMed Ti6Al4V under dry and “minimum quality lubrica-
tion” conditions and report surface quality. The main aspect 
of the work, however, is tool wear. Nevertheless, a surface 
roughness value below 0.6 μm is given. Cooke et al. [114] 
and Vaithilingam et al. [150] include mechanical polishing 
surface treatments as machining techniques. Nicoletto et al. 
[139] used surface machining for one heat-treated sample in 
their work. By this way, they managed to define a 0.3 fatigue 
as-build surface knock-down factor. Siddique et al. [151] 
report approximately a fivefold surface roughness decrease 
by mechanical machining. Edwards and Ramulu [152] uti-
lized mechanical machining for T-bone samples of SLMed 
Ti6Al4V. Photographs of the machined and as-built samples 
enable qualitative comparison of their surfaces. Brandl et al. 
[153] machined 91 samples of SLMed AlSi10Mg. Several 
other factors were investigated alongside of machining, 
and statistical analyses alongside with Weibull distribution 
were conducted. They used machining for removing residual 
stresses, distortions, and contaminations. Al-Rubaie et al. 
focused on machinability of as build and stress relieved 
SLMed parts for toroidal milling process [154]. Although 
they focus on general machinability, the authors provide 
surface roughness values of toroidal milled SLMed as build 
and stress relieved samples, alongside surface profile results. 
Additionally, it is stated that SLMed toroidal machinability 
is found better comparing to conventionally build sample. 
Yasa et al. [130] examined micro-machining capability of 
SLMed parts. Inner and outer features with 50–100 μm 
are identified for micro-machining capability. Didier et al. 
brought the idea of using SLM technology to manufacturing 

Fig. 10  Several aspects of the 
mechanical machining pro-
cesses affecting the part quality
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supports for milling thin metal sheets [155]. Authors tested 
this idea by producing supports and the thin metal sheet 
by SLM. They utilized confocal microscopy and presented 
surface profiles of cut and rough portions.

It is inferred that the main problem associated with 
machining SLMed parts, in terms of surface morphology 
and quality, is the anisotropic and uneven surface distribu-
tion before machining the surface due to the SLM method. 
This leads to insufficient or over machining local domains 
and regions on the surface. An adaptive tool track, supported 
with visual scanners for local morphology determination can 
be regarded as a future research subject.

3.3.2  Influence of water jet machining

Water jet provides coordinate system flexibility, resembling 
laser techniques, and can reach more complex surfaces, even 
internal and ground facing ones. Since water jet has rela-
tively less temperature rising impact than other cutting meth-
ods such as laser or mechanical cutting, its thermal effects 
are expected to be relatively low. Nagalingam and Yeo [156] 
utilized a multi-jet approach for surface finishing of Inconel 
625 SLMed alloy. They tried their hydrodynamic machin-
ing approach on different diameter channels with different 
surface topologies such as stepped or linear. With 15 min 
application of abrasive particles having less than 1% concen-
tration resulted in surface roughness reduction between 60 
and 90%. The work is very comprehensive and informative. 
Nagalingam et al. [157] also used the same technique for 
the SLMed fuel injector and applied abrasive flow for the 
surface finish of internal surfaces.

Although the literature is surveyed comprehensively, 
there is no other work on water jet machining of SLMed 
parts to the authors’ best knowledge. However, abrasive flow 
works are given below due to its resemblance in fluid utili-
zation. Nagarajan et al. [158] compares surface machining 
techniques for favourable surface morphology of SLMed 
parts and only mentions one study about water jet abrasive 
surface finishing. That mentioned work belongs to Wang 
et al. [159]. They applied abrasive flow (AFM) machining 
to internal and external surfaces of aluminium and titanium 
SLMed parts. They emphasize its flexibility for difficult to 
access surfaces. Guo et al. [160] used a similar AFM tech-
nique for the surface quality of internal surfaces. They used 
SLM Inconel 718. El Hassanin et al. [161] assisted AFM 
with rotation. For SLMed AlSi10Mg alloy, they obtained 
slightly better surface roughness. Balyakin and Goncharov 
[162] designed a hydro abrasive unit for SLM and analysed 
it by CFD. Then, they tested their design experimentally 
and investigated several application periods. A 15-min 
application is suggested due to its surface results. Gilmore 
[163] stated that lattice structures of SLMed 316L might be 
regarded too complex for AFM. Han et al. also worked with 

AFM regarding internal channels of SLMed parts; however, 
their main focus was on fatigue phenomenon [164]. Yet, 
the work presents great information about surface morphol-
ogy by surface profiles and topographies. Especially, the 
visual quantitative and qualitative comparison of an internal 
passage, treated with wire electrical discharge machining 
(EDM) and with AFM on separate samples, provides unique 
assessment opportunities, and accordingly, an example of 
their comparison is given in Fig. 11.

3.3.3  Influence of wire EDM

Wire electrical discharge machining (EDM) is a method 
in which cutting is done with a line tool. This line 
passes throughout the part to be machined. Therefore, 
characteristic geometries necessitate this technique. Guo 
et al. [165] compared wire EDM with grinding and milling 
for machining of CoCrFeMnNi high-entropy alloy. The 
authors provide a great visual comparison between EDM 
and mechanical machined surfaces. Surface morphology 
and roughness aspects are laid out. EDM eliminates tool 
marks of the grinding and milling. Golubeva et al. [166] 
investigated the usability of SLM on residual powders of 
EDM. The material is a Ni-20Cr-10Fe-3Ti heat-resistant 
alloy. However, poor surfaces are visible after SLM. Fette 
et al. [167] used EDM for surface finishing of SLMed molds. 
Authors suggest EDM and milling for a better surface due 
to usage requirements of the parts. Rickenbacher et  al. 
[168] include EDM of SLMed parts as a cost parameter 
in their work for developing a general SLM cost model. 
Hassanin et al. [169] used micro-EDM for surface finishing 
of SLMed Ti6Al4V parts. Authors provide qualitative 
comparison photographs of as-build and EDM surfaces. 
EDM parameters are revealed in work with detail. As given 
in previous subsection, Han et al. used EDM in order to 
improving surface of an internal channel from a SLMed 
part [164]. Authors suggest EDM as a reference method to 
compare with AFM. This is evidence that EDM’s reliability 
for SLM surfaces, especially for internal channels. Both 
EDM and AFM methods are claimed to increase the fatigue 
performance of the SLMed parts by improving internal 
channel surface morphology.

Zhao et al. [170] introduce a new way of using electro-
chemical means to remove adhesive powders from SLMed 
part internal surfaces. Authors describe a flexible cathode in 
order to reach internal holes. They reached to approximately 
50% reduction in the surface roughness of the hole. They 
also tried reciprocation the flexible cathode for a curved 
hole and obtained favourable results. The main targets on 
the hole internal surfaces are given as adhered powders and 
band protrusions. Their flexible cathode with reciprocating 
movement is schematically given in Fig. 12. Same authors, 
in another paper, modified the flexible cathode and formed 
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a “brush” in order to increase and support the physical 
process with mechanical interference [171]. They denomi-
nated the approach as electrochemical mechanical polishing. 
Smoother surfaces alongside with fewer pores thanks to the 
mechanical interference were claimed by the authors.

3.4  A general assessment of reviewed surface 
morphology enhancement methods of SLMed 
parts

According to the review of pre- and post-processes for 
treating surfaces, Table 3 is composed in order to classify 
approaches considering their offerings. This table is com-
posed based on qualitative evaluations on the literature and 
perception of the authors of the present paper. It is very hard, 
if not impossible, to create a solid and quantitative universal 
scale due to the broad range of research, great variety of all 
kinds of independent and dependent factors, and availability 
of data. We recommend the reader to view the table as a 

summarized quantitative understanding and assessment of 
the authors of the present paper.

Green colour in Table 3 indicates favourableness, and red 
colour shows ineffectiveness while grey poses a moderate 
effect. According to Table 3, laser re-scanning, peening, and 
polishing seem to be very effective methods. However, they 
induce more time and operational costs. Base plate heat-
ing, on the other hand, is an in situ operation with relatively 
ignorable costs. Most of the cost evaluations in the litera-
ture state qualitative assessments. A universal measure and 
a non-dimensioned procedure are necessary.

4  Surface morphology–induced variations 
in the behaviour of SLM components

Significant benefits and enhancements can be obtained by 
viewing and controlling surface morphology-induced vari-
ations in SLM components’ behaviour during the manu-
facturing process. The property estimation of SLM com-
ponents depends on various parameters such as geometric 

Fig. 11  Comparison of surface 
topographies of three internal 
channels; a SLM + EDM, b 
as build SLM; c SLM + AFM 
[164]
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characteristics, fatigue behaviour, surface quality/morphol-
ogy, density, and mechanical properties of materials in 
addition to low costs and high productivity. Recent research 
from literature is reviewed to comprehend how surface mor-
phology–induced variations’ effects on SLM components 
behaviours.

4.1  Fatigue behaviour of SLM components

Structural variations stemmed from chemical composition 
changes, shrinkage voids, porosity in the SLM layers, vicin-
ity of cavities, surface morphology, and other metallurgical 
defects directly or indirectly manipulate SLM components’ 
fatigue behaviour similar to the fatigue characteristics of 
traditional powder metallurgy produced components [176]. 
These behaviours are not yet comprehended thoroughly 
because various parameters and their correlations exhibit 
distinctive effects on end SLM products’ properties. There-
fore, estimating and controlling the end product proper-
ties can become a challenging issue for manufacturers and 
researchers. Some studies have been conducted on surface 

morphology-induced variations, which are among the most 
influential parameters on the fatigue behaviour of SLM 
components [177]. Surface morphology-induced variations 
are compromising mainly porosity, surface roughness, and 
residual stresses. Since crack initiation occurs in the struc-
ture because of porosity, surface quality, residual stresses, 
specific microstructures, and their combinational effects, 
researchers have arduous to measure and understand these 
variations. The residual stresses can be removed by system-
atic intervention to SLM parts, and fatigue strength can be 
increased by reducing structural defects, particularly inter-
nal defects, with the subsequent heat treatment. Although 
the SLM components’ defects are reduced or eliminated 
by closing the pores with stress relieving and hot isostatic 
pressing processes, the surface quality and other surface-
related defects continue to be problems that need to be 
addressed. Although the surface quality is improved by 
chemical etching or tribofinishing processes, the applica-
tion areas of these processes are limited. One of the rea-
sons is hazardous etching agents. They release toxic gases 
to environment. Besides, the tribofinishing process is not 

Fig. 12  A flexible cathode for 
electrochemical machining of a 
curved internal surface [170]
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always practical for complex-shaped components [178]. 
Hence, several approaches are developed to determine and 
model the influence of "as-built metal" surface roughness on 
fatigue strength of SLM components under multi-axis loads. 
Elastic linear fracture mechanics [179] is used to determine 
SLM materials’ fatigue behaviour. Their approach considers 
micro-notches as micro-cracks and indicates that the stress 
density factor  K1 at the crack tip is responsible for propa-
gating cracks. Murakami [180] used linear elastic fracture 
mechanics method and correlated the fatigue limit with 
defect size. It is reported that the size and shape of the pre-
existing defects in the structure affect the fatigue behaviour. 
However, in these approaches, determining the defect size 
for complex surfaces is complicated, and their applicability 
for multi-axis loading is minimal [178]. In approaches based 
on the non-local fatigue indicator parameter conducted by 
other researchers [181, 182], corrosion defects or fatigue 
behaviour can be determined from a value of the non-local 
fatigue indicator parameter. Other possible approaches [183, 
184] aim to consider the relationships between fatigue crack 
initiation mechanisms, such as micro-plasticity and crack 
initiation from defects. However, these approaches do not 
allow a clear relationship between fatigue behaviour and 
defects. Different approaches in recent literature [185, 186] 
have established correlations between the non-local fatigue 
indicator parameter for single and multi-axis loads using 
extreme value statistics.

Non-local fatigue indicator parameters are used to pre-
dict the fatigue behaviour of SLM parts. These parameters 
take into account the microstructural features and material 
properties of the part beyond the immediate vicinity of the 
fatigue crack tip. Some of the commonly used non-local 
fatigue indicator parameters for SLM parts include:

1. Fatigue crack closure: This parameter considers the 
residual stresses and plastic deformation around the 
crack tip. The crack closure occurs when the crack sur-
faces come in contact with each other during the load 
cycle, leading to a reduction in the effective crack length 
and slowing down the crack growth rate.

2. Stress intensity factor range: This parameter is a measure 
of the local stress concentration at the crack tip and is 
related to the crack growth rate. The stress intensity fac-
tor range takes into account the cyclic loading conditions 
and the geometry of the part.

3. Microstructure: The microstructure of SLM parts can 
affect the fatigue behaviour through various mecha-
nisms such as grain size, porosity, and surface rough-
ness. These microstructural features can lead to stress 
concentration and crack initiation and can also affect the 
crack growth rate.

4. Residual stresses: Residual stresses in SLM parts can be 
introduced during the manufacturing process and can 
affect the fatigue behaviour by altering the stress dis-

Table 3  Effectiveness evaluation of pre- and post-treatments in terms of surface
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tribution and crack growth rate. Non-local models can 
be used to predict the residual stress distribution and its 
effect on fatigue behaviour.

5. Plastic strain accumulation: This parameter considers 
the accumulation of plastic deformation around the 
crack tip during cyclic loading. The plastic strain accu-
mulation can lead to crack initiation and growth and can 
also affect the crack closure behaviour.

Overall, non-local fatigue indicator parameters are impor-
tant tools for predicting the fatigue behaviour of SLM parts 
and can be used to optimize the design and manufacturing 
processes to improve the fatigue performance of these parts.

4.1.1  Influence on fatigue life

According to available studies in the literature, surface mor-
phology–induced effects on the fatigue life of SLM compo-
nents are limited. However, surface-induced variations such 
as porosity, surface quality, residual stresses, microstructure, 
and other metallurgical defects profoundly affect the SLM 
component’s fatigue life. Another typical defect other than 
metallurgical defects is lack of fusion, which causes irregu-
lar shape formation due to fusion interruption during the 
SLM process. This phenomenon is also related to fatigue 
life. Extensive information about how these defects occur 
is reported in a previously cited study [187]. Fatigue life 
cannot be estimated without considering surface-induced 
defect mechanics in modelling and manufacturing. In this 
context, the anisotropic properties of SLM parts based on 
fracture mechanics are determined and compared with the 
defect sensitivity of these parts using materials produced 
by conventional processes [188]. Maximum defect sizes are 
the most dominant parameter that guides the fatigue life of 
components. In complex shapes where lack of fusion is seen, 
the square root of the defect area projected in a plane normal 
to the stress parameter is used to determine defect size [189]. 
In that work, the effect of surface defects caused the low 
surface quality on fatigue life has been extensively described 
for titanium alloys and stainless steels produced with SLM. 
Besides, Wang et al. [190] reported that the fatigue strength 
of the SLM components is adversely affected if the porosity 
(in morphological and quantitative manners) exceeded an 
absolute threshold value.

In another examination, Vaysette et al. [191] reported that 
surface quality is one of the crucial parameters regarding 
the fatigue life of SLMed products. They investigated the 
effect of surface roughness on the high cycle fatigue life of 
selective laser melting and electron beam melting stress-
relieved machined or as-built specimens. In addition to their 
tests, they utilized numerical simulations obtained with pro-
filometer. They determined the effect of surface roughness 
on fatigue life using the sample surface and the associated 

2D profiles. It appears that there is a significant decrease in 
fatigue strength for the as built samples in both production 
methods. On the other hand, machined samples exhibit good 
fatigue strength. This situation can be attributed to obtain-
ing lower surface roughness values and relieved residual 
stresses after the machining process. Similar observations 
were obtained in different studies [178, 192–194] investi-
gating the effect of surface quality on fatigue life of SLMed 
products.

Koutiri et al. [192] performed different fatigue tests to 
determine the number of cycles of Inconel 625 products 
manufactured with SLM in as-built and polished forms at 
different stress amplitudes. It was reported that there is an 
increase in the polished samples’ number of cycles accord-
ing to fatigue test results. It is clear that the number of cycles 
of the polished samples is higher than the as-built ones. They 
associated their result with similar defect sizes in the initial 
regions of both groups. More detailed information is pre-
sented in the fracture surface analysis section of their work.

Brandl et al. [153] fabricated AlSi10Mg samples with 
SLM in three different build orientations (0, 45, 90°) and 
then machined and subjected them to post-heat treatment. 
As a result of the investigations, they regarded the post-heat 
treatment process as much more effective than the build 
direction, considering the samples’ fatigue life. They com-
pared their results with the DIN EN 1706 standard. In addi-
tion, other defects such as porosity, residual stresses, and 
cracks are reduced due to lower distortion. This situation 
occurs since the powders’ cooling rate subjected to laser 
beams slows after the powder bed’s heat treatment. Mower 
and Long [195] also produced samples of AlSi10Mg with 
SLM, then polished the samples and compared their results 
with Brandl [153], stating that they exhibited lower fatigue 
behaviours. It should be emphasized that the difference in 
SLM operation and process parameters causes diverse sur-
face-induced variations, generating the differences between 
these two examinations. Based on this phenomenon, it can 
be interpreted that the surface quality promotes different 
effects on fatigue life even on the same part. Therefore, it can 
be stated that manufacturers and researchers should consider 
this issue carefully. Besides, several researchers have inves-
tigated the influence of surface morphology on adhesion 
mechanism in the SLMed product [196]. There are different 
mechanisms in adhesion between two similar and dissimilar 
materials, such as mechanical interlocking, chemical bond-
ing, diffusion bonding, and absorption [197]. Kinloch [198] 
reports that the nano- to micro-scales of surface roughness 
improves the influential surface area of the adhesion regime 
and supply a more uniform distribution of interfacial stress 
transfer. The high level of the balling phenomenon on the 
SLMed sample’s surface supplies mechanical interlocking 
and resultant a more significant surface region for adhe-
sion mechanism [199]. This action leads to an increment in 
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the general interfacial fracture toughness and accompany-
ing strengthened adhesion behaviour in the hybrid joint. In 
another notable study, Zhang et al. [200] investigated the 
bonding mechanism and adhesion behaviour of SLMed 
 Al2O3–coated stainless steels with a built horizontal and 
vertical surface. They reported that the bonding strength 
of coating in the vertically built sample shows significantly 
higher strength than horizontally built ones since higher 
surface roughness promotes a stronger adhesion mechanism 
between  Al2O3 coating and stainless-steel materials.

The listed and cited works in this section mark factors 
effecting the fatigue life (Fig. 13) in relation to the surface 
morphology of the SLMed parts.

4.1.2  Influence on fatigue crack growth

Crack initiation and crack growth on SLM components’ 
fatigue behaviour under different cyclic loads were searched 
in the literature for evaluation of the process-micro-/macro-
structure features correlating surface-induced defects that 
emphasize the importance of crack related issues, but none 
was encountered. Even though enhancements and detailed 
investigations have been reported in several studies investi-
gating the effect of manufacturing parameters on fatigue and 
mechanical behaviour of the SLM components, it is seen 
that there is an absence on the effect of surface-induced 
defects. It is necessary to determine to which extent crack 
initiation, crack growth, and fatigue cracks are affected by 

surface-induced defects to obtain high fatigue performance. 
This decision would help us regulate the processes that 
have to be applied to enrich the end product surface quality, 
resulting in shortening the process chain and therefore cost 
reduction.

Riemer et al. [201] investigated the crack growth behav-
iour of 316L stainless steel produced with SLM under cyclic 
loads. They also examined the influential factors between 
microstructure, fatigue crack growth (FCG), and their inter-
action. It is reported that post-heat treated 316L exhibits 
high ductility behaviour, and hence, both fatigue and crack 
growth behaviours are not significantly affected by surface-
induced defects such as porosity and internal stress. It is 
stated that the FCG behaviour of 316L is substantially influ-
enced by the microstructure emerging during the solidifica-
tion process. They announced that different FCG ratios are 
formed with the crack growth direction, depending on the 
grains’ orientation. Due to the inadequate access in the SLM 
method, the opportunity to interfere with the interior sur-
faces is limited, making it impossible to improve the surface 
quality directly. In this context, Günther et al. [194] designed 
various diameters and numbers of inner axial channels with 
rough build surfaces and investigated the fatigue properties 
of TiAl6V4 alloys. They stated that fatigue life decreased 
with the increasing internal diameter, and the FCG ratio 
changed due to variations in ligament size. Besides, accord-
ing to the fracture surface analysis, it is reported that the 
fatigue crack initiations mostly occurred on rough inner 

Fig. 13  Factors affecting fatigue 
life
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canal surfaces, and in some cases, it occurred at a point close 
to the machined outer surface or in an area in contact with 
this surface because of porosity occurring during manufac-
turing. One possible reason why the fatigue life decreased 
with increasing internal diameter for SLM products could 
be due to the formation of internal defects such as pores 
and voids. As the internal diameter of the part increases, 
the distance that the laser has to travel inside the part also 
increases. This can lead to longer exposure times, which can 
cause the material to overheat and potentially form defects. 
In addition, the internal geometry of the part can also affect 
the cooling rate of the molten material, which can influ-
ence the microstructure and mechanical properties of the 
part. The larger internal diameter can cause uneven cooling 
rates, which can result in residual stresses and distortion, 
leading to reduced fatigue life. Furthermore, the presence 
of residual stresses can also contribute to the reduction of 
fatigue life in SLM products. The internal geometry of the 
part can affect the distribution of residual stresses, and larger 
internal diameters can result in higher residual stresses, lead-
ing to a reduction in fatigue life. Overall, the relationship 
between internal diameter and fatigue life for SLM products 
is a complex one that depends on various factors, and fur-
ther research is needed to fully understand and optimize the 
fatigue properties of SLM parts with large internal diame-
ters. Leuders et al. [37] investigated the fatigue performance 
of TiAl6V4 products produced with SLM under cyclic loads 
with structure-defect-property relationships. They deter-
mined the behaviour of samples under HCF by fracture sur-
face analysis. They noted that the pores very close to the 

sample surface subject to relatively early failure (Fig. 14). 
Therefore, they are responsible for fatigue crack growth. 
They stated that the crack initiation could be delayed by con-
trolling surface defects such as pores. Consequently, Leuders 
et al. [37] stated that micro-sized pores are the main factor 
influencing fatigue life and reported that residual stresses 
play significant roles in fatigue crack growth.

4.2  Mechanical properties of SLM components

According to the literature survey [30, 176, 202–204], it is 
noticed that the mechanical properties of metals and alloys 
produced with SLM have satisfactory features and values 
in comparison with other traditional production methods. 
It is also apparent from the data presented in Table 4 that 
the SLM process can impart sufficient mechanical proper-
ties compared to other conventional production methods. It 
is seen that a wide variety of studies have been conducted 
on mechanical properties within the framework of process-
structure–property-performance, which are the basis of 
material science. In these studies, the process and surface 
morphology parameters categorized in Sects. 2 and 3 on the 
mechanical properties are characterized by their individual 
and combined effects. Manufacturing parameters’ effects on 
the mechanical properties of SLM components are exten-
sively reported in the literature. Hence, studies that include 
surface-induced defects such as porosity, density, structural 
integrity, microstructural defects, and surface quality on the 
mechanical properties will be mentioned briefly in this sec-
tion. Nano-sized to micro-sized pores in the structure reduce 

Fig. 14  The crack surfaces of 
SLM produced TiAl6V4 prod-
ucts at low magnifications (a 
and b); c and d high magnifica-
tions to monitor defects more 
precisely [37]
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the materials’ packing capacity and act as cracks by caus-
ing an increment in the stress concentration locally. This 
case adversely affects the mechanical properties of materials 
such as hardness, density, and tensile strength. Naturally, the 
strength of the porous material is expected to be lower than 
the full densified material. Also, porosity, which is inversely 
proportional to density, is an inevitable part of the products 
fabricated by SLM or other additive manufacturing (AM) 
methods. The number, size, shape, and location of the pores 
directly or indirectly affect the sintered product’s mechanical 
properties. Indeed, porosity, density, structural integrity, and 
microstructural defects are factors that interact with each 
other and lead to significant changes in final properties. 
These interactions particularly make themselves visible dur-
ing the consolidation of nanoparticle reinforced metal alloy 
powders with SLM. Nanoparticle agglomeration acts as an 
obstacle that slows the diffusion activity required for the 

sintering process. This action deteriorates the packing ability 
of the powders and causes a porous structure. As a result of 
these porosities, microstructural defects are emerging, and 
structural integrity is disrupted; correspondingly, the sam-
ple’s relative density and tensile strength decrease. In respect 
of these evaluations, Zebarjad et al. [205] reported that 
nanocomposite materials contain larger amounts of voids 
since the nanoparticles’ agglomeration allows the forma-
tion of cracks and porosity. Furthermore, Dolata-Grosz et al. 
[206] confirmed that porosity causing low bonding between 
reinforcement and matrix material is a significant indica-
tor of the degradation of mechanical properties. Moreover, 
various researchers [75, 207–209] have reported an increase 
in mechanical properties associated with improved surface 
quality resulting from increased hardness and lower delami-
nation, which is suppressed by residual compressive stress 
on the material surface.

Table 4  Comparison mechanical properties of products produced by SLM and other conventional manufacturing processes

Process Material system Young’s 
modulus 
(GPa)

Hardness (Hv) Ultimate tensile 
strength (MPa)

Yield tensile 
strength (MPa)

Elongation at break
(%)

Reference

SLM 316L 137–227 210–250
223–245

600–700
512–699

450–500
438–589

11.8–42.3 [30, 210]

SLM AlSi10Mg 65–71 127 385–404 - 2.8–5.9 [204]
SLM TiAl6V4 95–110

109
356–386
409

1206–951
1267

1090–1126
836–1137
1110

5.46–8.23
1.7–9.5
7.28

[73, 211, 212]

SLM Fe–Ni - 232 600 - - [213]
SLM Fe–Ni-Cu-P - 230 505 425 - [214]
SLM Pure Ti 106 248–274 757

680
555
480

19.5
17

[215, 216]

SLM Ti2448 52–54 214–226 647–683 525–599 9.7–17.9 [216]
SLM Inconel 718 204 - 1148

1120
907
830

25.9
25

[217, 218]

SLM Inconel 625 - - 940–1080 780–820 8–10 [219]
SLM AA2618 - - 273 191 0.6 [220]
SLM 304 SS - - 66–713 519–554 32.4–43.6 [221]
Annealed Inconel 625 - - 890 450 44 [222]
Extrusion AA2618 - - 392 208 13.7 [220]
Laser forming Inconel 718 208 - 1340 1100 12 [223]
Cold work Inconel 625 - - - 1100 18 [222]
Forging 316L 190–210 480–560 170–290 40 [224]
Casting TiAl6V4 110 346 976 847 5.1 [225]
Heat-treated Pure Ti 561 432 14.7 [226]
Casting Inconel 718 - - 786 488 11 [227]
Hot rolling Ti2448 46 - 830 700 15 [228]
Hot forging Ti alloys 55 - 755 570 13 [229]
P/M 316L - 181–355 226–290 - 5.33–7.22 [230]
Hot extrusion AlSi10Mg 68–72 67 178 97 15 [231]
Casting Aluminium 71 95–133 300–365 - 3–5 [232]
Sheet forming TiAl6V4 - - 280 345 20 [233]
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4.2.1  Influence on density

High final density is achieved by reducing porosities and 
ensuring better structural integrity. There is a close correla-
tion between SLM process parameters and the density of 
materials. Products with a density of 99.9% can be achieved 
thanks to a good agreement between process parameters 
and surface variables. The laser ED, expressing the energy 
per unit volume for a powder particle by the laser beam, is 
a key factor that plays an essential role in SLM products’ 
quality and performance [26]. The ED varies depending on 
laser power (p), scanning speed (v), hatching distance (h), 
and layer thickness (s) are given in Eq. 1. Generally, the 
incoming energy density is expected to be high to achieve 
a maximum amount of melting. This occasion leads to an 
increase in the final density of the product. In other words, 
the energy density can be improved by providing the desired 
control (increase or decrease) of the variables given in Eq. 1 
to produce products with the highest possible density. How-
ever, ED is not sufficient to achieve the density goal alone. 
Other process and post-process parameters such as scanning 
speed, surface orientation, scanning pattern, cooling rate, 
heat transfer, and interface compatibility are necessary to 
be optimized, directly or indirectly affecting the product’s 
density and final properties.

Figure  15 illustrates the relative density of as-built 
AlSi10Mg samples with fabricated SLM process as a func-
tion of diverse energy densities [234]. Authors stated that the 
samples produced in the energy density range of 145–175 J/

(1)ED =

p

v ⋅ h ⋅ s

mm3 exhibit higher relative densities (98.17%) comparing to 
other energy density levels. They also observed that samples 
with lower relative density exist in these high-energy ranges. 
They attributed this to the powder bed pool, which does not 
completely melt due to various process parameters, oxides, 
porosities, and other metallurgically induced defects.

4.2.2  Influence on tensile properties

Tensile properties essentially vary depending on the rela-
tive densities of the product [235]. However, powder proper-
ties such as powder morphology, size, and distribution, the 
crystallographic structure of powders together with various 
process parameters, such as scanning speed, scanning pat-
tern, and laser power, are also highly effective on the relative 
density [221]. Moreover, the powders’ packing characteris-
tics and consolidation behaviour are factors that profoundly 
influence the relative density of the sample and resultant 
tensile properties. For instance, the effect of different par-
ticle size distributions on tensile properties is investigated 
in [96]. Their outcomes revealed that the SLMed products 
with smaller particle sizes show higher tensile strength than 
coarse particle sizes. It is reported that the difference in ten-
sile properties refers to coarse particle sizes contain more 
pores than small particles. They attributed this to vacancies, 
which are occurred during the production process in bigger 
particles. They also stated that particle size distribution has 
a substantial effect not only on the tensile properties of the 
products but also on the surface quality and density. It is 
announced that processing parameters, especially the build-
ing direction, also significantly affect the tensile properties 
as well as the powder characteristics.

Fig. 15  The relative density 
of AlSi10Mg samples with 
fabricated SLM process as a 
function of different energy 
densities [234]
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To determine how the micro-voids behaved during the 
tensile test, Simonelli et al. [85] tested TiAl6V4 samples 
up to the necking region and then stopped the test. 
They then examined the microstructure analysis of the 
tensile specimens exposed to plastic deformation. They 
stated that it could not be determined clearly whether 
the formed micro-cavity is due to the pre-existing pores 
resulting from the manufacturing process or alpha lath 
fracture in the structure. However, they reported that the 
micro-voids trigger crack initiation and tend to spread 
along α grain boundary. This indicates that surface-
induced defects such as micro-voids in this case adversely 
affect the structural integrity and final properties of the 
products. Based on the above discourse, it can be inferred 
that the evaluations and comments made in this study are 
very well in agreement with the available studies in the 
literature [85, 203, 221]. Accordingly, this section can 
be summarized by Fig. 16, in the light of the discussed 
phenomena by the information and assertations in the 
cited literature works.

4.2.3  Influence on microhardness

Microhardness mainly depends on the product’s microstruc-
ture and the porosity (size and distribution), which are sur-
face-induced variations in the structure. On the other hand, 
surface-induced variations are significantly affected by pro-
cess parameters, as mentioned earlier. In this context, various 
studies in the literature examine changes in microhardness 
depending on manufacturing strategies such as laser param-
eters [236], energy densities [237], laser power [238], and 
cutting planes [239]. Besides, the studies which are dealing 
with the effect of reinforcement materials [236, 240] (type, 
ratio) and alloying elements [241] on microhardness exist. It 
is reported that microhardness increases with the increment 
of hard ceramic particles [242]. Although this is the correct 
approach, in some cases, the morphology and distribution 
of the reinforcement materials influence the microstructural 
development and naturally microhardness. For example, Gu 
et al. [243] reached the maximum microhardness value in 
12.5 wt% TiC reinforced Ti matrix composites. After this 
value, they found that microhardness tends to decline with 

Fig. 16  Influencing factor on 
tensile properties of SLMed 
parts
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increasing reinforcement ratio, as shown in Fig. 17. They 
stated that the morphology and distribution of TiC in their 
system are responsive to the volume fraction, and beyond the 
critical threshold value, it adversely affects the nanostructure 
and causes the formation of a porous structure. It can be 
deduced from these outcomes that the different parameters 
in the SLM process, reinforcement material (ratio, morphol-
ogy, type), and the chemical composition of the material 
cause substantial alterations in the microstructural charac-
teristics and consequently the microhardness.

To overcome the rough surface of SLMed metallic alloys, 
various surface modification techniques such as ultrasonic 
nanocrystal surface modification [208], multi-pass ultra-
sonic surface rolling [244], and surface mechanical attrition 
[245] are regarded as beneficial post-treatment approaches. 
The main target of applying these surface modification 
techniques is to improve the surface hardness by generat-
ing severe plastic deformation on the product’s surface. For 
instance, Zhao et al. [246] proposed enhancing the hardness 
and wear resistance of commercial pure titanium (CP-Ti)/
TiN alloys by using gas nitriding. For this purpose, they pre-
pared CP-Ti samples with different gas nitriding under high 
purity Ar and  N2 atmosphere. As shown in Fig. 18a, nitride-
coated samples exhibited significantly higher hardness than 
un-coated and Ar-coated samples. Plus, they employed sur-
face profiles and scanning electron microscope (SEM) analy-
ses to evaluate wear scars of samples, as shown in Fig. 18b. 
They stated that the N0 sample shows a shallow and narrow 

wear scar compared to S0 and A0 samples due to increased 
surface hardness resulting from  N2 nitriding.

5  Modeling and simulation of surface 
morphology in SLM

Mathematical modeling and computer simulations are 
essential tools in engineering, allowing engineers to sim-
ulate complex systems and predict their behaviour under 
different conditions. These tools can be used to optimize 
designs, reduce costs, and minimize risks associated with 
real-world testing. In engineering, mathematical models 
are used to describe the physical behaviour of a system in 
terms of mathematical equations, while computer simula-
tions use these models to predict the behaviour of the system 
in response to different inputs. This allows engineers to test 
and refine their designs before building physical prototypes, 
saving time and resources. The importance of engineering 
mathematical modeling and computer simulations cannot be 
overstated, as they allow engineers to simulate and analyse 
systems that are too complex, expensive, or dangerous to 
test in the real world. This not only helps to ensure the safety 
and reliability of engineering designs but also drives innova-
tion and the development of new technologies. Therefore, 
in this part, we would like to mention the most prominent 
and recent modelling and simulation studies in the literature 
towards SLM-surface morphology correlation.

Fig. 17  Microhardness values 
of SLM-produced Ti/TiC 
samples with different rein-
forcement ratios and matching 
indentation surfaces [243]
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Finite element method has been employed by Cutolo et al. 
[247] for simulations of laser powder bed fusion of Ti6Al4V. 
The authors lay out surface conditions by the simulation. 
Several surface finishing steps are considered. The ex situ 
TiN reinforced IN718 with high fidelity numerical simula-
tions has been reported by Mandal et al. [248]. A phase field 
2D numerical model is described in the work. Jiabao et al. 
[249] tracked surface morphology evolution of a stainless 
steel by a multi scale numerical model. They report good 
agreement between numerical and experimental data. The 
authors provide a simulation sourced animation of transient 
temperature distribution of the SLM process. Particularly, 
the paper of Jiabao et al. [249] is a prominent example 
of simulations toward surface morphology evaluation of 
SLMed parts. Another great numerical simulation has been 
reported by Li et al. [250]. The authors focus on laser polish-
ing of SLMed 316L steel in terms of surface quality. They 
evaluated surface morphology by qualitative and quantita-
tive measures while providing spatial visuals by the simula-
tion results. To simulate the flow of molten metal, the evo-
lution of surface morphology, and the formation of defects 
during the cooling stage, multi-physics models were created 
and explained by the authors. Wang et al. [251] have used 
crystal plasticity finite element method in order to simulate 
SLMed 316L stainless steel. Again, predictions based on the 
simulation results are stated to be in well orientation with 
the experimental results. Spatial resolution alongside with 
regional grouping and mod identification tasks are realized 
by the authors. Pilgar et al. [252] have benefitted a numerical 

model in order to predict fatigue of SLMed Hastelloy-X. 
The paper mostly mention surface in terms of relationship 
between surface roughness and the fatigue behaviour. Parti-
cle hydrodynamics for numerical simulations towards SLM 
process has been studied by Long and Huang [253], focusing 
on particle smoothing. The paper reports numerical method 
improvements in smoothed particle hydrodynamics, kernel 
gradient correction, and surface tension model. The paper is 
a prominent one in terms of model descriptions and modi-
fications. Initial state of a square shaped droplet is given 
and then the smoothed particle transitions are expressed 
with three different visuals. However, surface morphology 
aspects of the SLMed part are absent in the work. Peng et al. 
[254] have used molecular dynamics simulations in order 
to study surface integrity of additive manufacturing parts 
for multi-principal element alloys (FeCrNi). They have also 
benefited from artificial neural network machine learning 
method for supporting their model. They build a correlation 
between laser power and scan speed with the surface. They 
state that scan speed has a bigger effect than laser speed in 
terms of surface roughness and quality. Atomic simulation 
results pose very detailed spatial resolution.

6  Conclusions

Surface morphology properties in accordance with 
SLM production have been reviewed in the presented 
work. Surface morphology variants induced by process 

Fig. 18  (a) Hardness variations 
from the exterior surface of 
different post-treated samples 
and (b) their surface profile and 
morphology [246]
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parameters are categorized comprehensively in the sub-
headings. Furthermore, surface morphology enhancement 
and the effects of surface-induced variations on SLM-
produced metal alloys’ behaviour are explained. Surface 
variations resulting from process and post-treatment 
parameters based on the intended application and the 
effect of these variations on SLMed product behaviour are 
summarized. Knowledge of these variables provides a basic 
understanding of overcoming the challenges of producing 
metal alloys for various industrial and technological 
applications associated with the SLM process. Following 
evaluations and deductions can be obtained according to 
conducted survey:

 1. It is seen that process parameters are systematically 
studied, and better surface quality and favourable sur-
face morphology of as build surfaces are possible. 
However, various industrial applications necessitate 
further enhancement and improvement of surface 
qualifications.

 2. In situ and post-processing provide necessary qualifi-
cation of surface quality and morphology according to 
specific needs of industrial applications, but the main 
concern is on increased total cost for those techniques.

 3. Ti6Al4V alloy is the most encountered SLMed alloy in 
the literature, most probably due to its medical usage.

 4. Components with a relatively defect-free structure can 
be attained with the SLM process by filling the pores 
between metal powders and increasing the surface 
quality by controlling the parameters that have impor-
tant influences on surface-induced variables such as 
residual stress, porosity, structural integrity, and micro-
structure.

 5. By additional measures such as in situ surface improve-
ment, post-processing, and finishing, surface properties 
can be substantially improved.

 6. In situ treatment such as base plate heating and re-
scanning mostly focus on relieving residual stresses 
and releasing trapped gasses.

 7. Base plate heating and powder preheating may 
decrease the necessity of re-scanning, leading to more 
production efficiency and lower operational costs since 
re-scanning is a very time demanding task and should 
be controlled very carefully.

 8. Re-scanning, a technique in order to improve surface 
quality, may have adverse effects if laser processing 
parameters are not selected carefully. Re-scanning pro-
vides feasibility for the post-machining of the surfaces.

 9. Heat treatment as a post-processing technique for the 
SLMed part seems to have a minimal effect on surface 
roughness and morphology. Peening and polishing 
have higher effects on the surface comparing to heat 
treatment.

 10. Machinability and its surface impacts are studied 
mainly for mechanical machining such as grinding and 
milling. EDM and water jet studies are very limited in 
terms of surface morphology.

 11. The correlation between surface morphology of 
SLMed parts and mechanical properties is relatively 
weak comparing to SLM production parameters.

 12. Some mechanical properties reported for metallic sys-
tems produced with the SLM approach exceed simi-
lar materials obtained by conventional manufacturing 
methods. However, few published studies examine the 
effect of surface-induced variations on behaviours such 
as low cycle fatigue, fatigue crack growth, fracture 
toughness, tensile strength, impact, creep, and creep-
fatigue.

7  Challenges and future work

Based on the present literature survey, following challenges 
are identified and accordingly some future study recommen-
dations are asserted.

1. Limited examinations about the effect of powder parti-
cle sizes, particle size distributions, and particularly the 
rheological properties of powders on the surface qual-
ity were encountered. Detailed characterization of these 
parameters’ effects should be addressed in future works.

2. Multiple parameter correlations of SLM process param-
eters should be identified by experimental works.

3. Since shrinkage, residual stresses, and fatigue behaviour 
effect surface morphology of final product, especially for 
fully dense category, more literature report is anticipated 
in relation with surface properties.

4. Re-scanning can be much more effective with in situ 
monitoring, image processing, and machine decision-
making. Tracks to be skipped in terms of re-scan should 
be identified after the first scan. This arises the need of 
control theory and in the light of recent developments 
in artificial intelligence, image processing, precision 
measurement, fast response measurement equipment, 
and very capable computing.

5. Digital twin concept by machine learning methods 
should be considered for generalization of scientific 
results.

6. Post-treatment and post-processing of SLMed parts 
to obtain favourable surface roughness and quality 
have uncertain and indefinite terminology that cannot 
separate them from one another. Using “non-material 
removal” type terms may not be a reasonable classifi-
cation. Better terminological integrity is needed for a 
common literature.
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7. Surface morphology should be studied after water jet 
and EDM cutting of SLMed parts as future research top-
ics.

8. A comprehensive and common database is necessary for 
training machine learning approaches that can aid adap-
tive neuro-fuzzy inference system (ANFIS) type deci-
sion-making algorithms for in situ treatment approaches. 
By this way, SLM can give better surface quality with 
less human experience and interference.

9. Finally, as an emerging technology for vast produc-
tion of industrial items, systematic studies seem to be 
necessary for mathematical modelling and reduction of 
experimental results. Statistical evaluations of parameter 
combinations, statistical and machine learning methods 
for data interpolation, and benchmarking of optimization 
algorithms are prone to future research.
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